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2  Anniversary  Address  by  Sir  William  Ilng^ns.     [Nov.  30, 

Of  some  of  them  only,  on  this  occasion,  wiU  time  permit  me  to  give  expre&eion, 
on  your  behalf,  to  a  few  words  of  appreciation  of  their  work,  and  of  deep 
sorrow  at  their  loss. 

In  your  name  I  place  a  wreath,  emblem  of  our  respect  and  of  our  deep 
sorrow,  to  the  memory  of  our  late  Fellow  and  Copley-MedalliBt,  the  revered 
Provoat  of  Trinity  Collie,  Dublin,  who  passed  away  at  the  ripe  age  of 
eighty-four  years.  George  Salmon  was  as  remarkable  in  the  influence  of  his 
powerful  personality,  as  in  his  works,  by  which  he  extended  and  adorned  two 
domains  of  thought,  as  diverse  as  mathematics  and  theology.  It  is  given  to 
few  men  to  achieve  a  European  reputation  as  an  investigator  of  the  first  rank 
in  two  distinct  provinces  of  knowledge. 

Bom  and  educated  in  the  City  of  Cork,  he  matriculated  at  Trinity  College, 
Bublin,  at  the  early  age  of  fourteen.  After  a  brillianc  undergraduate  course, 
he  took  his  degree  in  1S38,  and  was  elected  a  Fellow  in  1841.  Devoting 
himself  to  the  study  of  pure  mathematics,  he  produced  a  series  of  books,  now 
accounted  as  classics  in  every  university  of  the  world,  which  were  of  very 
great  service  in  promoting  the  advancement  of  that  scienca  Their  value  was 
shown  by  the  number  of  their  editions,  by  their  translation  into  several 
languages,  and  by  the  honours  they  procured  for  their  author.  In  his 
"  Lessons  Introductory  to  the  Study  of  the  Modem  Higher  Algebra,"  which 
grew  in  subsequent  editions  until  it  became  a  treatise,  he  made  accessible  to 
the  student  the  recent  researches  of  the  previous  twenty  years  into  the  theory 
of  transformations  of  binary  forms. 

Following  the  traditions  of  the  Dublin  School  of  Mathematics,  he  gave  wide 
scope  in  all  his  books  to  geometrical  method,  often  relieving  the  monotony  of 
pages  of  analysis  by  the  introduction  of  a  brilliant  geometrical  proof. 

In  1866,  on  the  preferment  of  Dr.  Botcher,  Salmon  was  appointed 
Begins  Professor  of  Divinity,  from  which  time  he  ceased  to  work  at 
mathematics,  except  in  an  occasional  way  at  the  Theory  of  Numbers. 
This  is  not  the  place  for  a  consideration  of  his  contributions  to  theolt^cal 
literature,  nor  of  hia  great  influence  in  the  Church  in  Ireland  at  a  time  of 
exceptional  difficulty.  One  important  aspect  of  his  theological  laboui-s  is 
expressed  by  the  title  which  was  given  to  him  of  "  malleus  GermanoTwi." 

In  the  yeai'  1888  he  was  appointed  by  the  Lord  Lieutenant  to  the  post  of 
Provost  of  Trinity  College.  His  large  sympathy  with  all  sorts  and  conditions 
of  men,  his  unaffected  d^ity,  his  genial  humour,  and  his  kind  heart,  gave  to 
his  masterful  tenure  of  the  office  of  Provost  an  intluence  probably  unparalleled 
in  the  history  of  Trinity  Collie. 

Not  Trinity  College  alone,  but  all  Dublin  was  proud  of  him.    Men  of  all 
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classes  and  creeds  praised  him.  His  private  tastes  were  simple  ;  his  chief 
relaxations,  chess  playing,  miisic,  and  novel  reading.  In  the  words  of  the  late 
Bishop  of  Oxford : — "The  Provost  is  an  extraordinary  man.  The  first  day  I  met 
him  I  was  most  struck  by  his  gracious  courtesy,  the  second  day  by  his  learning, 
the  third  day  by  his  humour,  and  every  day  by  his  humility." 

The  Fates  are  inexorable ;  there  may  be  loi^;  delay,  but  always  at  last  the 
thread  is  cut.  In  midsummer  our  oldest  Fellow,  in  point  of  election  as  well 
as  of  ^e,  passed  from  ns : — Sir  Jolm  Simon,  the  pioneer  of  modern  sanitary 
science.  What  Lister  did  for  sui^ry,  and  Pasteur  for  baoteriolt^,  Simon 
may  be  said  to  have  accomplished  for  sanitation.  Very  early  he  perceived 
clearly  and  developed  the  true  nature  and  mode  of  dealing  with  contagious 
emanations  proceeding  from  the  sick,  establishing  a  doctrine  and  practice 
which  afterwards  received  their  direct  proof  and  further  development  in  the 
growtii  of  the  new  science  of  bacteriology.  Deeply  grateful  to  his  memory, 
we  mourn  one  who  by  his  life-work  conferred  incalculable  benefit  upon  the 
whole  civilized  world. 

Simon  commenced  the  study  of  medicine  in  1833,  and  attended  both 
Stk  Thomas's  Hospital  and  the  recently  established  King's  College.  It  was 
in  1848  that  his  attention  was  definitely  directed  to  that  branch  of  the 
profeeeion  with  which  his  name  will  always  remain  famous,  and  which  indeed 
he  may  almost  be  said  to  have  founded,  through  his  election  to  the  newly- 
constituted  poet  of  Medical  Officer  of  Health  to  the  City  of  London.  Seven 
years  later  a  Central  Board  of  Health  was  created,  on  which  Simon  repreeented 
medicine.  When  the  functions  of  the  Board  were  tnuisferred  to  the  Privy 
Council,  he  became  adviser  to  the  Gkiveniment  on  all  sanitary  and  medical 
matters.  It  is  not  possible  on  this  occasion  to  indicate,  even  broadly,  his 
strennoufi  work  through  a  long  life  for  the  public  good.  His  writings  oonsisb 
mainly  of  his  numerous  official  reports,  together  with  a  volume  published  in 
1857,  entitled  "  Papers  on  the  History  and  Practice  of  Vaccination,"  followed 
in  the  next  year  by  a  "  Beport  on  the  Sanitary  State  of  the  People  of 
England,"  which  brought  out  for  the  first  time  the  wide  variations  which  exist 
in  the  local  incidence  of  diseases.  His  great  work  on  "  English  Sanitary 
Institutions  "  appeared  in  1890.  In  1878  he  was  elected  President  of  the 
Boyal  Collie  of  Surgeons ;  he  was  the  recipient  of  numerous  honotua 
from  scientific  bodies  at  home  and  abroad.  At  the  Jubilee  in  1887  he 
received  from  Queen  Victoria  the  distinction  of  K.C.B.  These  public 
recognitions  were  the  outward  signs  of  the  universal  respect  and  honour 
accorded  him  by  all  men.  His  memory  will  ever  remain  green  in  the  history 
of  sanitary  science. 
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In  May  passed  away,  full  of  years  and  full  of  honours,  a  Fellow  to  whose 
personal  services  the  Society  is  largely  indebted — Professor  Williamson. 
Elected  into  the  Society  in  1855,  after  serving  twice  npon  the  Council, 
he  became  Foreign  Secretary  in  1873,  which  office  he  held  for  sixteen  yeara, 
until  1889.  Half  a  centnry  ago  Williamson  took  a  prominent  part  in  the 
development  of  chemical  thought,  and  exercised  a  powerful  influence  on 
chemical  teaching  in  this  country.  He  began  the  study  of  chemistry  at 
Heidelbei^,  but  soon  passed  to  Liebig's  laboratory  at  Giessen,  where  he  took 
his  degree,  and  while  there  published  papers  on  the  decomposition  of  Oxides 
and  Salts  by  Chlorine,  and  on  "  The  Blue  Compounds  of  Cyanogen  and  Iron." 
He  then  went  to  Paris,  where  he  came  under  the  teaching  of  Comte.  In  1849 
he  left  Paris  to  occupy  the  chair  of  practical  chemistry  in  TJniver«ty  Collie, 
from  which  he  continued  to  teach  for  thirty-eight  years.  A  litUe  later  he 
published  the  classical  research,  elucidating  the  process  of  the  formation  of 
ether,  with  which  his  name  will  always  remain  associated.  This  paper,  a 
model  of  concise  reasoning  founded  npon  happily  devised  experiment, 
produced  a  profound  influence  on  contemporary  thought,  and  received  the 
assent  of  the  whole  chemical  world.  In  this  paper  he  gave  his  acceptance  of 
the  doctrine  ol  types,  which  was  prominent  in  his  subsequent  teaching. 
Williamson  was  a  pioneer  of  chemical  thought  in  quite  another  direction  by 
the  introduction  of  the  conception  of  dynamics  into  chemical  processes.  He 
advanced  the  view,  which  is  fundamental  in  the  modem  hypothesis  of  ionic 
dissociation,  that  in  substances  which  appear  at  rest,  the  atoms  of  the 
molecules  of  the  compound  are  in  motion,  exchan^g  from  one  molecule  to 
another  in  an  unending  course  of  ionic  migrations. 

Williamson  occupied  the  chair  of  the  British  Association  in  1873,  and  was 
twice  President  of  the  Chemical  Society.  Honorary  degrees  were  conferred 
upon  him  by  the  Universitiee  of  Dublin,  Edinburgh,  and  Durham,  and  he 
received  the  honorary  membership  of  many  scientific  societies.  Seventeen 
years  ago  he  retired  from  professional  life  to  Hindhead. 

Alas  !  this  room  will  know  no  more  a  frequent  and  welcome  attendant  at 
our  meetings  who  often  took  part  in  our  discussions.  A  man  whose  great 
natural  vitality  and  intellectual  activity  were  so  remarkable  and  unimpaired, 
that  his  sudden  death  came  as  a  great  shock  to  his  many  friends.  Professor 
Everett  was  bom  and  educated  at  Ipswich,  and  after  graduating  witii  honours 
at  Glasgow,  he  became  Professor  of  Mathematics  at  King's  Coll^,  Nova 
Scotia.  Later,  in  1867,  he  was  appointed  Professor  of  Natural  Philosophy  at 
Queen's  College,  Belfast,  a  chair  which  he  occupied  with  distinction  for  thirty 
years.     Since  his  retirement,  about  seven  years  &go,  he  has  resided  in  London, 


d  by  Google 


1904.]       Anniversary  Address  by  Sir  Williani  Huggins.  5 

takiDg  an  active  part  in  the  proceedings  of  scientific  societies,  especially  of 
the  Physical  Society,  of  which  he  was  a  Vice-President.  Professor  Kverett 
resdered  important  aervice  to  physical  science,  by  hia  admirable  translation 
of  Deschanel's  "  Treatise  of  Natural  Philosophy,"  which  he  brought  up  to  date 
from  time  to  time  by  the  necessary  additions  and  alterations,  and  by  his 
"  Illustrations  of  the  C.G.S.  Syatem,"  which  was  translated  into  several 
languages,  and  proved  of  material  service  in  the  establishment  of  a  physioal 
system  of  units.  He  did  important  work  as  the  secretary  of  the  Committee 
of  the  British  Association  which  effected  the  selection  and  naming  of  these 
dynamical  and  electrical  units,  and  also  of  the  Committee  which  has  collected 
our  main  knowledge  of  underground  temperatures.  He  was  the  inventor  of 
a  system  of  shorthand,  which  provides  greater  facilities  for  vowel  insertion 
than  other  systems.  He  was  enthusiastically  devoted  to  cycling.  A  man  of 
great  kindliness  and  geniality,  he  is  r^retted  by  a  lai^  circle  of  friends,  and 
will  always  be  remembered  by  his  numerous  pupils  with  much  gratitude  and 
affection. 

Death  has  deprived  us  of  a  Fellow  whose  genial  humour,  clear  judgment, 
and  ready  wit  endeared  him  to  many  friends — Sir  Frederick  BnunweU.  In 
Bramwell  the  love  of  things  mechanical  was  inborn.  At  the  time  of  hia  youth, 
technical  education  was  all  but  unknown,  and  very  few  engineering  students 
could  take  advaatt^  of  such  a  me^re  scientific  education  as  was  then 
available.  Ue  was  a  striking  example  of  what  he  himself  said  of  some 
distinguished  engineers : — "  That  they  literally  became  such  because  they  could 
not  help  it."  With  Bramwell  the  taste  for  engineering  was  innate  and 
supreme.  Study  was  not  cot^nial  to  him ;  his  extensive  and  varied 
knowledge  was  mainly  the  outcome  of  personal  observation  and  experience. 

After  some  years'  varied  experience  in  different  engineering  workshops  he 
commenced  practice  on  his  own  account  in  1853.  He  soon  made  his  mark  ; 
but,  as  he  especially  shone  in  debate,  where  his  judgment  was  rarely  at  fault, 
and  he  brought  shrewd  common  sense  to  bear  with  happy  flashes  of  wit  and 
apt  practical  illustrations,  he  was  irresistibly  drawn  from  the  constructive  to 
the  legal  side  of  his  profession,  in  which  he  received  no  little  advantage  from 
hia  powerful  voice  and  his  commanding  presence.  In  giving  evidence, 
Bramwell  was  remarkably  able,  and  as  an  arbitrator  his  judgments  were  clear, 
judicial,  and  marked  by  l^al  acumen.  In  one  or  other  capacity  his  services 
were  in  much  demand  during  the  last  thirty  or  forty  years.  He  was  chosen 
President  of  the  Institution  of  Mechanical  Engineers  in  1874,  and,  ten  years 
later.  President  of  the  Institution  of  Civil  Engineers.  He  was  President  of 
the  British  Association  at  its  meeting  at  Bath  in  1888.    He  became  one  of 
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our  Fellows  in  1873,  and  served  on  the  Council  in  1877-1878.  On  the 
retirement  of  Sir  William  Bowman,  he  was  elected  Honorary  Secretary  of 
the  Koyal  Institution.  Honorary  d^Toes  were  conferred  upon  him  by  the 
Universities  of  Oxford,  Cambridge,  Durham,  aad  Montreal  In  1889  Queen 
Victoria  bestowed  upon  him  the  honour  of  a  baronetcy. 

George  Johuston  AUman  was  bom  in  Dublin  in  1824.  He  entered  Trinity 
College  at  an  early  age,  and  at  the  honour  degree  examination,  in  1843,  he 
obtained  Senior  Moderatorship  and  a  gold  medal  iu  mathematics.  A  few 
years  later  he  was  elected  to  the  Frofeasorship  of  Mathematics  in  Queen's  College, 
Glalway,  a  post  which  he  held  for  nearly  forty  years,  until  his  retirement  in 
accordance  with  the  age  limit.  His  moat  important  works  were  a  paper,  "  On 
some  Properties  of  the  Paraboloids,"  and  a  Beries  of  papers  on  the  history  of 
Greek  mathematics,  which  formed  the  basis  of  his  celebrated  book  "  Greek 
Geometry  from  Thales  to  Eudid,"  He  was  elected  a  Fellow  of  the  Society 
in  1884. 

The  name  of  Dr.  Isaac  Roberts  will  always  be  associated  with  the 
photc^irapfa;  of  the  heavenly  bodies.  He  early  showed  his  love  for  physical 
science.  His  first  scientific  paper  was  on  the  wells  and  water  of  Liverpool, 
where  he  resided ;  and  in  the  following  year,  1870,  he  was  elected  a  Fellow 
of  the  Geological  Society.  Other  papers  followed  on  underground  waters, 
especially  with  respect  to  their  oscillations  in  porous  strata.  He  soon  directed 
his  principal  attention  to  Astronomy,  and  erected  an  observatory  near 
Liverpool.  At  first  be  contemplated  phot(^raphing  the  whole  northern 
heavens,  but  when  an  astn^^phic  chart  and  catalc^e  for  both  hemispheres 
were  undertaken  by  an  international  co-operation  of  Observatories,  with 
great  prescience  he  decided  to  devote  himself  to  phot{^;raphing  star-clusters 
and  nebuUe.  Finding  the  neighbourhood  of  Liverpool  unfavourable  for  such 
work,  after  a  long  personal  examination  of  various  sites,  he  erected  an 
observatory  on  Crowborough  Hill,  where,  during  thirteen  years,  he  secured  the 
splendid  series  of  astronomical  photographs,  bringiiig  to  light  a  wealth  of 
unsuspected  detail,  which  have  largely  aided  in  the  recent  extension  of  our 
knowledge  of  nebulte  and  star-dusters.  Two  volumes  containing  reproductions 
of  these  photographs  were  published  by  Dr.  Boberts  at  his  own  expense,  and 
widely  distributed  among  astronomers.  He  was  elected  to  our  Fellowship  in 
1890.  In  1892  Trinity  College,  Dublin,  conferred  upon  him  the  honorary 
degree  of  D.Sc. ;  three  years  later  he  received  the  gold  medal  of  the  Koyal 
Astronomical  Society. 

To  his  many  friends  the  sudden  death  of  Sir  Clement  le  N'eve  Foster  came 
as  a  very  painful  shock.    He  was  educated  in  France,  and  obtained  the  d^;ree 
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of  Bacbelor  of  Science  of  the  UniveiBity  of  France  at  the  early  age  of  sixteen. 
He  then  entered  the  Boyal  School  of  Mines,  where  in  two  years  he  achieved 
the  remarkable  distinction  of  securing  the  Associateship  in  the  Mining, 
Metallurgical,  and  Geological  divisions,  as  well  as  the  Dnke  of  Cornwall's 
Scholarship  and  the  Forbes  Medal.  In  1872  he  was  appointed  H.M.  Inspector 
of  Minea  He  succeeded,  in  1890,  Sir  Warrington  Smyth  as  Professor  of 
Mining  at  the  Eoyal  College  of  Science,  and  the  Boyal  School  of  Minea  He 
became  a  Fellow  of  our  Society  in  1892.  On  the  King's  birthday,  last  year, 
be  received  the  honour  of  Knighthood.  During  his  twenty-nine  years' 
Government  Inspectorship,  Sir  Clement  did  mnch  to  ameliorate  the  lot  of  the 
miner,  and  to  establish  metal  mining  on  a  scientific  basis. 

Quite  recently  the  Society  \iaa  suffered  a  further  loss  in  tlie  unexpected 
death  of  Dr.  McClean,  who,  by  his  wisely  considered  benefactions,  as  well  as 
by  his  personal  work,  has  contributed  not  a  httle  to  the  increase  of  natural 
knowledge.  Having  retired  thirty-four  years  ago  from  professional  work  as 
an  engineer,  he  built  an  astronomical  observatory  at  his  house  at  Tunbridge 
Wells,  and  devoted  himself  to  photo-spectroscopic  work  on  the  sun  and  stars. 
His  photographic  spectra  of  all  stars  above  the  3^  magnitude  appeared  in  our 
Transactioney  in  which  he  showed  the  presence  of  oxygen  in  couneotion  with 
helium  in  certain  stars.  His  benefactions  to  Science  are  of  two  kinds.  In 
1890  he  founded  the  Isaac  Newton  Studentships  at  Cambridge  for  the 
[HX)motion  of  the  study  of  Astronomy  and  Astronomical  Physics ;  while,  on  the 
practical  side,  ten  years  later,  he  made  a  most  generous  gift  of  valuable 
instruments  to  the  Royal  Observatory  at  the  Cape  of  Good  Hope,  He  has 
crossed  the  great  bar,  to  the  deep  sorrow  of  his  many  friends,  and  to  the 
great  r^ret  of  all  men  of  science. 

Durii^  the  last  few  years  a  very  large  amount,  increasing  each  year, 
of  work  outside  the  reading,  discussion,  and  printing  of  papers,  of  a  more  or 
less  public  character,  has  been  thrown  upon  the  Koyal  Society — so  lai^  indeed 
aa  at  present  to  tax  the  Society's  powers  to  the  utmost.  A  not  inconsiderable 
part  of  this  work  has  come  from  the  initiation  by  the  Society  itself  of  new 
undertakings,  but  muinly  it  has  consisted  of  asaistanoe  freely  given,  at  their 
request,  to  different  Departments  of  the  Government  on  questions  which 
require  expert  scientific  knowledge,  and  which  involves  no  small  amount  of 
labour  on  the  part  of  the  OfBcers  and  Staff,  and  mnch  free  sacriSoe  of  time 
and  energy  from  Fellows,  in  most  cases  living  at  a  distance. 

There  is  little  doubt  that  this  laigely-increased  amount  of  public  work  has 
arisen,  in  part  naturally  from  the  greater  scientific  activity  of  the  present  day. 
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but  also,  and  to  a  greater  extent,  from  the  fuller  recognition  by  the  Gtovemment 
and  the  public  of  the  need  for  scientific  advice  and  direction  in  connection 
with  many  matters  of  national  concern. 

It  may  not  be  inopportune,  tbei-efore,  for  me  to  say  a  few  words  on  the 
advisory  relation  in  which  the  Society  has  come  to  stand  to  the  Government, 
and  to  review  very  briefly  the  great  work  which  the  Society  has  done,  and 
is  doing,  for  the  Nation. 

Among  Academies  and  Learned  Societies  the  position  of  the  Boyal  Society 
is,  in  some  respects,  an  exceptional  one.  In  the  British  dominions  it  holds  a 
unique  position,  not  only  as  the  earliest  chartered  scientific  Society,  but  in 
its  own  right,  on  account  of  the  number  of  eminent  men  included  in  its 
Fellowship,  and  the  close  connection  in  which  it  stAnds,  though  remaining  a 
private  institution,  with  the  Government.  The  Boyal  Society  is  a  private 
learned  body,  consisting  of  a  voluntary  and  independent  association  of 
students  of  Science  united  for  the  promotion  of  Natural  Knowledge  at  their 
own  coat.  It  asks  for  no  endowment  from  the  State,  for  it  could  not 
tolerate  the  control  from  without  which  follows  the  acceptance  of  public 
money,  nor  permit  of  that  interference  with  its  internal  affaiis  which,  as  Is 
seen  in  some  foreign  academies,  is  associated  with  Stete  endowment.  In  one 
particular  case,  in  which  it  can  receive  aid  without  any  lose  of  independence, 
the  Society  gratefully  acknowledges  its  indebtedness  to  the  Stata  About 
1780  the  Society  received  a  communication  from  the  Government  offering 
to  provide  apartments  for  the  Society  at  Somerset  House;  these  were 
exchanged,  in  1857,  for  rooms  in  old  Burlington  House ;  after  its  rebuilding, 
in  1873,  the  Society  moved  into  the  apartments  which  it  now  occupies. 
It  should  not  be  forgotten  that  nearly  a  century  before  the  opening  of  the 
Britasb  Museum  in  1759,  the  Royal  Society's  Museum,  or  Repository  as  it 
was  called,  enjoyed  the  prestige  of  being  r^;arded  as  the  most  important 
Museum  in  London,  and  must  have  been  of  great  use  to  men  of  science,  and 
have  aided  materially  in  promoting  and  disseminating  the  knowledge  of 
natural  history.  The  apartments  offered  to  the  Society  at  Somerset  House 
were  quite  insufficient  in  capacity  and  in  number  to  receive  the  Society's 
Museum,  and  in  consequence,  this  collection,  which  had  been  carefully 
maintained  not  only  from  the  scientific  side,  but  also  with  reference  to  the 
commercial  value  and  importance  of  the  foreign  objects  received,  especially 
of  the  valuable  zoological  specimens  frequently  sent  by  the  Hudson's  Bay 
Company  from  their  territories,  was  presented  by  the  Society  to  the  Nation, 
a  not  unworthy  acknowledgment,  on  the  Society's  part,  of  the  Government's 
gift  of  apartments.    This  collection  has  not  been  kept  separate,  but  is  now 
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bopeleBsly  diepersed  among  the  thousands  of  specimens  which  crowd  the 
halls  of  our  National  Museum.  Some  specimens,  however,  in  comparative 
anatomy,  preserved  in  the  Museum  of  the  College  of  Sui^eons,  are  dnly 
entered  in  the  catalc^ue  as  having  belonged  originally  to  the  Boyal  Society's 


Besides  the  grant  of  apartments  in  Somerset  House,  and  subsequently  in 
Burlington  House,  the  Society  has  received  no  pecuniary  support  from 
Government,  nor  assistance  of  any  kind,  with  one  exception  to  be  mentioned 
further  on,  beyond  the  grant  by  Charles  II.  shortly  after  its  incorporation, 
of  Chelsea  College  and  the  lands  appertaining  to  it ;  a  gift  which  proved 
much  leas  valuable  than  appeared  from  the  parchments.  Claimants  at  once 
came  forward  for  portions  of  the  estate,  and  the  property  was  in  so  unsettled 
a  state  as  to  title,  and  so  much  out  of  repair,  that  after  much  money  had 
been  spent  on  repairing  the  Collie  and  great  exertions  made  in  vain  to 
procure  a  tenant,  the  President  was  authorised  to  sell  the  estate  to  the  King 
for  the  sum  of  £1,300 ;  the  Council  voting  their  thanks  to  him  for  "  thus 
disposing  of  a  property  which  was  a  source  of  continual  annoyance  and 
trouble  to  them."  To  the  extent  of  this  sum  the  Society's  funds  were 
enriched  by  the  royal  gift 

The  grants  of  £4,000  and  £1,000  now  received  annually  by  the  Boyal 
Society  from  the  Government  are  not  applicable  to  its  own  needs,  but  are 
placed  in  its  hands  in  trust  for  grants  in  aid  of  the  prosecution  of 
scientific  research,  and  of  the  publication  of  scientific  papers ;  indeed,  with 
the  exception  of  part  of  the  publication  grant,  are  so  far  from  being  of  the 
nature  of  a  State  bounty,  that  the  careful  administration  of  these  grants 
brings  no  light  burden  upon  the  Society. 

It  may  not  be  generally  known  that  the  Royal  Society  just  missed 
becoming  a  richly-endowed  Society.  Charles  II.'s  interest  in  the  young 
Society  did  not  end  with  the  grant  of  a  Charter  of  Incorporation,  for  in  1662 
he  addressed  a  letter,  written  with  his  own  hand,  to  the  Duke  of  Ormonde, 
then  Lord  Lieutenant  of  Ireland,  recommending  the  Boyal  Society  for  a 
"liberal  contribntion  from  the  adventurers  and  officers  of  Ireland  for  the 
better  encouragement  of  them  in  their  designs."  That  is  to  say,  in  the  new 
settlement  in  that  country,  on  the  Restoration,  of  the  confiscated  estetes  of 
such  persons  as  by  the  King's  declaration  were  disqualified,  llie  Boyal 
Society  bad  but  a  poor  diance,  notwithstanding  the  King's  letter,  of  coming 
in  for  a  portion  ot  these  so-called  "  fractions,"  when  so  many  high  families 
were  cheated  of  their  rights,  and  tlie  Duke's  own  estates,  through  hia 
methods  of  adjudication,  increased  from  £7,000  to  £80,000  per  annum.    Sir 
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WiUum  Petty,  in  a  document  preserved  in  the  arohivee  of  the  Society, 
estimates  the  value  of  the  lands  granted  by  the  King  to  the  Society,  but  not 
received  by  them,  "  as  a  great  matter,  but  I  know  not  wtiat." 

It  ia  on  record  that  the  non-fulfilment  of  the  King's  generous  intentions 
towards  the  Society  did  not  damp  the  philosophic  ardour  of  the  Fellows ; 
indeed,  it  is  a  question  on  which  opinions  may  widely  differ  whether  the  rich 
■endowment  of  the  Society,  almost  from  Its  very  birth,  would  have  increased 
its  scientific  success.  We  must  not  forget  that,  in  the  case  of  institutions 
as  well  aa  of  individuals,  the  powerful  and  healthy  stimulus  to  the  exertion 
needful  for  success  which  arises  from  the  necessity  of  coping  with  and 
overcoming  difficulties,  whether  of  a  monetary  or  other  kind.  In  no  small 
d^ree  woa  due  to  the  personal  favour  with  which  Charles  II.  regarded  the 
-Society,  the  exceptional  position  it  early  took  up,  and  which  it  still  holds 
to-day,  of  a  private  institution  supported  and  controlled  from  within, 
which,  at  the  same  time,  is  acknowledged  by  the  State  as  the  authoritative 
national  representative  of  Science  in  this  country,  and  from  time  to  time 
consulted  as  snch. 

The  first  royal  act  which  distinctly  gave  this  representative  character 
to  the  newly  chartered  Society  appears  to  have  been  the  King's  declaring 
his  pleasure  on  the  15th  October,  1662,  "  that  no  patent  should  pass  for  any 
philoBophtcal  or  mechanical  invention  until  examined  by  the  Society."  This 
personal  recognition  by  the  King  of  the  national  position  of  the  Society 
was  followed  and  confirmed  a  few  years  later  by  a  request  from  the 
department  of  the  Admiralty  for  assistance  from  the  Boyal  Society  in  raisii^ 
some  ships  sunk  off  Woolwich.  The  Council  replied  that,  though  they 
would  have  great  pleasure  in  affording  all  assistance  in  their  power  by  advice, 
the  want  of  funds  rendered  it  impossible  for  them  to  provide  the  necessary 
machinery. 

From  that  time  down  to  the  present  the  Koyal  Society,  while  remaining 
a  purely  private  institution  for  the  promotion  of  Natural  Knowledge,  has 
been  r^rded  by  the  Government  as  the  acknowledged  national  scientific 
body,  whose  advice  is  of  the  highest  authority  on  all  scientific  questions,  and 
the  more  to  be  trusted  on  account  of  the  Society's  financial  independence; 
a  body,  which,  through  its  intimate  relations  with  the  learned  societies  of  the 
Oolonies,  has  now  become  the  centre  of  British  Science.  The  Society's 
historical  position  and  the  scientific  eminence  of  its  Fellows  have  made  it 
naturally  the  body  which  the  scientific  authorities  of  foreign  oonntriee  r^ard 
as  representing  the  Science  of  the  Empire,  and  with  which  they  are  anxious 
to  consult  and  to  co-operate,  from  time  to  time,  on  scientific  questions  of 
international  importance. 
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On  their  part,  the  Fellows  of  the  Boyal  Society,  remembering  that  the 
promotion  of  Natural  Knowledge  is  the  great  object  for  which  it  was  founded 
and  still  existe,  and  that  all  undertakiugs  in  the  home  and  in  the  State, 
since  they  are  concerned  with  Nature,  can  be  wisely  directed  and  carried  on 
with  the  highest  efficiency  only  as  they  are  based  upon  a  knowledge  of 
Nature,  have  always  recognised  the  fundamental  importance  of  the  Society's 
work  to  national  as  well  as  to  individual  success  and  prosperity,  and  their 
«wii  responsibility  as  the  depositories  of  such  knowledge.  They  have 
always  been  willing,  even  at  great  personal  cost,  ungrudgingly  to  afford  any 
assistance  in  their  power  to  the  Government  on  all  questions  referred  to 
them  which  depend  upon  technical  knowledge,  or  which  require  the 
employment  of  scientific  methods.  In  particular  the  Society  has  naturally 
always  been  eager  to  help  forward,  and  even  to  initiate,  such  national 
undertakings  as  voyages  of  observation  or  of  discovery  of  any  kind,  or  for 
the  investigation  of  the  incidence  of  disease,  which  have  for  their  express 
object  the  increase  of  Natural  Knowledge. 

At  the  same  time,  as  the  Society  is  dependeut  upon  the  voluntary  help 
■of  its  Fellows,  whose  time  is  fully  occupied  with  their  own  work,  the  Society 
may  reasonably  expect  the  Government  not  to  ask  for  assistance  on  any 
matters  of  mere  administration  that  could  be  otherwise  efficiently  provided 
for.  The  hope  may  be  expressed  that  in  the  near  future,  with  increased 
official  provision  in  connection  with  the  recc^nition  of  Science,  the  relation 
of  the  Society  to  the  Government  may  not  extend  beyond  that  of  a  purely 
advisory  body,  so  that  the  heavy  responsibilities  now  resting  upon  it,  in 
respect  of  the  carrying  out  of  many  public  undertakings  on  which  its  advice 
has  been  asked,  may  no  lot^er  press  unduly,  as  they  certainly  do  at  present, 
upon  the  time  and  energy  of  the  Officers  and  Members  of  Committees. 
The  Society  regards  this  outside  work,  important  as  it  is,  as  extraneous,  and 
tlierefore  as  subordinate,  and  would  not  be  justified  in  permitting  such  work 
to  interfere  with  the  strict  prosecution  of  pure  natural  science  as  the  primary 
purpose  of  the  Society's  existence,  upon  which,  indeed,  the  Society's  importance 
as  an  advisory  body  ultimately  depends. 

The  array  of  national  undertakings  of  which  the  Society  has  been  wholly 
or  in  part  in  charge,  or  to  which  it  has  given  advice  or  assistance  from  time 
to  time,  is  so  very  great  that  any  attempt  to  point  out,  even  in  broad  outline, 
the  more  important  of  the  directions  in  which  the  Society's  influence  has 
been  actively  employed  for  the  public  service,  must  necessarily  be  fragmentaiy 
and  very  incomplete.  On  this  occasion  it  is  not  possible  to  do  more  than 
to  give,  in  a  few  sentences,  a  rapid  presentation  of  a  few  typical  examples  of 
the  Society's  public  work. 
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It  must  be  borae  in  mind  that  the  bare  statement  in  a  few  sentences  of 
the  public  work  accomplished  by  the  Society  fails  alt(^tber  to  briug  before 
the  imagination  an  adequate  conception  of  the  large  amount  of  free  labour 
ungrudgingly  given  by  those  Fellows  who  composed  the  several  committees 
to  which  the  work  was  entrusted. 

Going  back  to  the  first  century  ot  the  Society's  existence,  the  work  done 
for  the  National  Observatory  at  Greenwich  may  be  fairly  taken  as  typical 
of  the  Society's  outside  activity  at  that  time.  It  is  not  too  much  to  say 
that  the  Observatory  owes,  in  no  small  degree,  its  early  efficiency  and  the 
high  position  it  soon  reached,  to  the  advice  and  the  energetic  action  on  its 
behalf  of  the  Boyal  Society.  The  Observatory,  at  the  time  it  was  placed, 
in  1710,  by  Qneeu  Anne  in  the  sole  chai^  ot  the  Society,  was  without 
instruments,  except  such  as  Flamsteed  had  himself  sapplied.  Immediately 
on  taking  charge,  the  Society  appointed  a  Committee  which  visit«d  Greenwich, 
and,  as  a  restdt,  sent  in  an  application  to  the  Ordnance  Office,  but  at  the 
time  unsuccessfully,  for  the  new  instruments  which  were  aheolutely  essential 
for  properly  carrying  on  the  work  of  an  observatory.  The  little  interest 
taken  by  the  Government  of  that  day  in  Science  is  manifest  from  the  answer 
recflived  from  the  Ordnance  Office,  "  that  they  had  never  been  at  any  charge 
for  instruments,  but  only  for  repairing  the  house  and  paying  Mr.  Flamsteed's 
salary."  The  Society  persevered,  and  when,  in  1720,  Halley  succeeded 
Flamsteed,  was  successful  in  persuading  the  Government  to  provide  a  few 
of  the  more  necessary  instruments.  At  a  little  later  date  the  Society 
induced  the  Government  to  expend  £1,000  on  instruments,  to  be  constructed 
by  Graham  and  Bird.  When  George  III.  came  to  the  throne  he  re-appointed 
the  Society  as  sole  visitoiB,  and  ordered  the  Astronomer  Koyal  to  obey  the 
regulations  drawn  up  by  the  Council,  and  commanded  the  Master  General 
of  Ordnance  to  furnish  such  instruments  as  the  Council  should  think 
necessary  for  the  Observatory.  In  the  list  of  theee  instruments  is  mentioned 
a  ten-foot  telescope  of  Dollond's  "  new  invention."  Further,  it  was  in  answer 
to  a  petition  from  the  Koyal  Society  that  the  King  gave  orders  for  the 
printing  of  the  Observations  made  at  the  Observatory.  At  a  later  date  the 
Society  called  on  the  Government  to  advance  funds  to  establish  mi^uebical 
observatories  at  Greenwich,  and  in  various  parts  of  the  British  dominions, 
with  the  resnlt  that  in  a  few  years  no  fewer  than  forty  magneticcil 
establishments  were  in  full  activity. 

In  connection  with  the  Observatory  may  be  mentioned  the  considerable 
share  which  the  Society  took  in  bringing  about  the  important  alteration  o£ 
the  Calendar,  known  as  the  Change  of  Style,  which  took  place  in  1752.     The 
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Bill  was  drawn  up  by  Peter  Davall,  tiie  Secretary  of  the  Society,  aided  and 
supported  by  Lord  Macclesfield,  who  became  Freeident  the  same  year. 
The  change  was  approved  and  assisted  by  the  actual  President,  Martin 
Folkes.  The  feelii^;  of  the  people  was  so  strongly  against  the  change  that 
the  illness  and  death  of  Bradley,  who  as  Asbronomer  Boyal  had  assisted  the 
Groveroment  with  his  advice,  which  took  place  not  long  afterwards,  were 
popularly  attributed  to  a  judgment  from  Heaven. 

Very  brief  must  be  the  mention  of  some  of  the  other  works  in  the  public 
service  which  were  carried  out  at  a  no  small  cost  of  laboar  to  the  Fellows 
of  the  Society. 

About  1750,  the  Lord  Mayor  of  London,  two  of  the  Judges  and  an 
Alderman,  having  died  in  one  year  from  jail-fever  caught  at  the  Old  Bailey 
Sessions,  the  Society  was  called  npon  for  advice  and  assistance.  A  com- 
mittee was  appointed  to  investigate  the  wretched  state  of  ventilation  in  jails. 
A  ventilator,  invented  by  one  of  the  committee,  was  erected  in  Newgate, 
reducing  at  once  the  number  of  deaths  from  eight  a  week  to  about  two  a 
month.  Of  the  eleven  workmen  employed  to  pat  up  the  ventilator,  seven 
caaght  the  fever  and  died. 

At  the  request  of  the  Government,  committees  were  appointed  to  consider 
the  best  form  of  protection  of  buildings,  and,  latet  on,  of  ships  at  sea,  from 
lightning. 

The  Society  took  a  very  acdve  part  in  the  measurement  of  a  degree  of 
latitude,  afterwards  in  the  length  of  a  pendulum  vibrating  seconds  in  the 
latitude  of  London,  and  in  the  comparison  of  the  British  Standards  with  the 
Linear  Measure  adopted  in  France.  A  committee  was  appointed  to  compare 
the  Society's  Standard  yard  with  that  of  the  Exchequer.  Later,  in  1834, 
when  the  Standard  yard  was  lost  in  the  destruction  by  fire  of  the  Houses 
of  Parliament,  a  Conmiission  (all  the  members  of  which  were  Fellows  of  the 
Eoyal  Society)  was  appointed  to  consider  the  steps  to  be  taken  for  the 
restoration  of  the  Standards. 

It  was  at  the  instance  of  the  Council  of  the  Society,  who  petitioned 
George  III.  for  the  necessary  funds,  that  the  King  gave  his  consent  to 
a  geodetical  survey  in  1784,  with  the  immediate  object  of  establishing  a 
trigonometrical  connection  between  the  Observatories  of  Greenwich  and 
Paris.  The  work,  under  General  Boy,  for  which  the  Copley  Medal  was 
awarded  to  him,  served  as  a  basis  for  the  operations  of  a  more  extensive 
nature,  embracing  a  survey  of  the  British  Islands,  which  were  commenced 
in  1791. 

Since  ita  foundation  the  Society  has  taken  an  active  part  in    many 
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important  expeditions  for  scientific  and  geographical  exploration,  and  for 
magnetical  and  astronomical  obnervations,  in  some  oases  taking  the  initiative- 
hj  memoraliziiig  the  Grovemment  for  the  necessary  assistance  bj  grants  of 
money,  the  use  of  ships,  or  otherwise.  Among  these  may  be  mentioned  the- 
expeditions  sent  oat  for  the  observation  of  the  Transits  of  Venus  in  1761, 
and  in  1769. 

The  importance  of  Antarctic  exploration,  for  which  the  recent  National 
Expedition  has  recently  been  promoted  jointly  with  the  Boyal  Geographical 
Society,  was  fuUy  understood  by  the  Boyal  Society  nearly  a  century  and  a 
half  ago.  In  1771,  an  expedition  having  for  its  principal  object  the 
exploring  of  high  southern  latitudes  with  the  view  of  ascertaining  the 
existence  of  a  great  Antarctic  Continent,  was  stroi^ly  and  successfully 
urged  on  the  Government  by  the  Society.  The  expedition  under  Captain 
Cook  sailed  the  following  year.  On  its  return  three  years  later,  after  having 
circumnavigated  the  globe,  the  Copley  Medal  was  awarded  to  Captain  Cook, 
for  the  means  he  had  taken  to  preserve  the  health  of  his  crew. 

In  1817,  a  letter  was  addressed  by  Sir  Joseph  Banks,  on  the  part  of  tbe- 
Gonncil,  to  Lord  Melville  urging  that  an  expedition  of  discovery  should  be 
sent  out  for  determining  the  practicability  of  a  Korth-West  Faaaaga  The 
Lords  of  the  Admiralty  gave  orders  for  the  fitting  out  of  four  vessels,  and 
invited  detailed  instructions  from  the  Royal  Society  for  the  guidance  of  the 
of&cers.  The  Council  recommended  Colonel,  then  Captain,  Sabine  to  proceed 
with  the  North-West  Expedition,  and  Mr.  Fisher  to  accompany  the  Polar 
one.  The  expedition  failed  to  procure  geographical  results  of  importance^ 
but  it  was  far  from  fruiUess,  for  the  magnetical  observations  brought  back  by 
Sabine  were  an-addition  of  real  value  to  physical  science. 

This  expedition  was  followed  by  another  two  years  later  under  Parry^ 
which  resulted  in  the  discovery  of  the  Strait  called  after  Barrow,  then 
Secretary  to  the  Admiralty. 

A  later  Polar  Kxpedition,  under  Captains  Parry  and  Ross  in  1827,  was- 
promoted  by  the  Royal  Society,  and  brought  home  valuable  m^neticaL 
observations,  which  were  printed  in  the  Society's  Transactions. 

At  home,  it  was  through  the  Society's  influence  that  Dr.  Maskelyne,  the 
Astronomer  Royal,  was  able  to  make  observations  in  Scotland  for  the- 
purpose  of  deducing  the  density  of  the  earth.  Dr.  Hutton  undertook 
the  laborious  toak  of  working  up  the  data,  the  whole  expenses  being  home- 
by  tie  Society. 

These  few  examples,  inadequate  as  they  are,  must  suffice  on  this  occasion 
to  remind  us  of  the  many  labours  during  two  centuries  and  a  half  undertaken 
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by  the  Society  for  the  public  good.  I  pass  now  at  once  to  some  of  the  many 
objects  of  public  concern,  which  are  at  the  present  time  either  directly- 
promoted,  or  aesiated  by  the  Society. 

The  estsbliahment  in  this  country  of  a  National  Physical  Laboratory  for 
the  purpose  of  bringing  scientific  knowledge  to  bear  practically  upon  the 
industries  and  conunerce  of  the  nation,  was  due  in  no  small  measure  to- 
the  action  of  the  Society,  and  has  certainly  thrown  upcm  it  much  additional 
permanent  reeponaibility.  The  necessity  for  such  an  Institution  in  this- 
coantry,  which  was  clearly  shown  by  the  marked  influence  of  a  similar 
Institution  on  the  improvement  of  technical  science  and  the  manufacturing 
interests  of  Germany,  had  been  already  strongly  advocated  by  individual 
Fellows;  in  particular,  by  Sir  Oliver  Lodge  at  Cardifi"  in  1891,  and  Su: 
Douglas  Galton  at  Ipswich  five  years  later ;  but  the  iirat  practical  step- 
towards  its  realisation  was  taken  by  the  Council  in  1896,  when  they  decided 
that  the  Boyal  Society  should  join  the  British  Association  and  other  kindred 
Societies  in  a  Joint  Committee,  under  the  Chairmanship  of  the  President  of 
the  Royal  Society,  to  take  such  action  as  they  find  desirable. 

In  the  following  year,  this  Committee  waited  upon  Lord  Salisbury,  whO' 
was  then  Prime  Minister,  and,  as  a  result,  a  Treasury  Committee  was- 
appointed  by  the  Chancellor  of  the  Exchequer,  with  Lord  Bayleigh  as- 
Chairman,  to  consider  the  desirability  of  estabUshii^  a  National  Laboratoiy^ 
That  Committee,  after  hearing  witnesses  and  visiting  Germany,  reported 
strongly  and  unanimously  in  favour  of  such  a  national  Institution.  In  1898,. 
a  communication  was  received  from  the  Treasury  expresmng  "  the  hope  that 
the  Boyal  Society  will  be  willing  to  add  to  the  already  ^at  services 
rendered  by  them  to  the  Government  and  public  of  the  U'nited  Kingdom,, 
by  consenting  to  undertake  the  new  responsibilities  now  sought  to  be 
imposed  upon  them"  in  connection  with  the  new  Institution.  The  Council 
accepted  the  important  trust,  under  which  tlie  "ultimate  control  of  the 
Institution  is  vested  in  the  President  and  Council  of  the  Koyal  Society,  who-' 
in  the  exerciae  thereof  may  issue  from  time  to  time  such  directions  as  they 
may  think  fit  to  the  General  Board  and  Executive  Committee."  The  income' 
and  all  other  property  is  vested  in  the  Boyal  Society  for  the  purposes  of 
the  Institution.  The  Laboratory,  which  was  formally  opened  by  H.R.H. 
the  Prince  of  Wales  in  March,  1902,  has  already  made  remarkable  progress 
under  its  enei^tic  Director.  During  the  present  year  the  attention  of  the- 
Prime  Minister  has  been  called  to  the  very  great  importance  to  the  national 
industries  of  an  immediate  grant  for  new  buildings  and  a  more  adequate- 
instrumental  equipment,  and  of  a  larger  annual  endowment. 
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It  is  not  too  much  to  aay  that  men  of  Science  of  all  countries  are  under 
no  small  obligation  to  the  Royal  Society  for  their  Catalogue  of  Scientific 
Papers  which  have  appeared  in  all  parts  of  the  world  since  the  banning  of 
the  last  century.  This  great  work,  to  which  immense  labour  has  been  given 
gratuitously  and  without  stint  by  Fellows  during  the  past  forty  years,  will 
be  carried  down  to  the  close  of  the  century,  and  will  consist  of  two  parts : 
an  Authors'  Catalogue,  and  a  Catalogue  of  Subjects.  Encour^ed  by  a 
donation  from  Mr.  Andrew  Caru^e,  and  the  noble  liberality  of  Dr.  Lndwig 
Mond  and  other  Fellows,  the  Council  decided  to  proceed  with  the  completion 
of  the  Catalogue,  in  the  hope  of  further  donations  from  Fellows  and  others 
as  the  work  advances. 

It  was  obvious  that  to  continue  permanently  to  prepare  and  publish 
catalogues  of  the  rapidly  increasing  output  of  scientific  literature  would  be 
wholly  beyond  the  means  of  any  one  Society,  and  was  an  undertaking  so 
vast  as  to  require  organized  international  co-operation  for  success.  In  1893, 
a  letter,  signed  by  seventeen  Fellows,  was  addressed  to  the  President,  asking 
that  steps  might  be  taken  to  provide  for  the  continuation  of  the  Society's 
Catalogue  from  the  b^inning  of  the  century  by  adequate  international 
co-operation.  A  Committee  was  appointed,  which  reported  in  favour  of  an 
international  conference  on  the  subject  Three  conferences  were  held 
successively  in  1896, 1898,  and  1900.  It  is  scarcely  possible  to  convey  an 
adequate  conception  of  the  arduous  and  prolonged  labours  of  these  con- 
ferences, and  of  the  numerous  meetings  of  committees  held  in  connection 
with  them.  The  Society  may  well  feel  great  satisfaction  that  a  work  of  such 
magnitude,  and  of  so  great  moment  to  all  scientific  workers,  which  waa 
initiated  by  itself,  was  taken  up  with  snch  remarkable  accord  by  the  scientific 
world.  The  organization  consists  mainly  of  a  Central  Bureau  in  London 
under  the  Boyal  Society,  in  connection  with  Agonal  Bureaus,  established 
in  thirty  countries  for  collecting  material  in  the  form  of  catalogue  slips,  and 
transmitting  them  to  the  Central  Bureau.  The  Royal  Society  has  taken 
upon  itself  practically  the  financial  responsibility  of  the  undertaking,  making 
contracts  in  ita  own  name  with  a  printer  and  a  publisher,  the  latter 
undertaking  the  teclmical  duties  as  agent  for  the  Society,  which  is  its  own 
publisher.  The  first  year's  issue  of  the  catalogue  has  appeared,  dealing  in 
twenty-one  volumes  with  the  seventeen  sciences  decided  upon  by  the 
conference. 

The  International  Association  of  Academies,  the  realization  for  the  first 
time  of  the  great  scientific  idea  of  a  Universal  Academy,  open  without 
restriction  of  lai^age  or  of  country  to  every  nation  under  heaven,  owes  its 
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eatablishment  to  the  initiative  of  the  Royal  Society.  In  1897,  the  Boyal 
Socie^  was  invited  to  send  representatives  to  s  Conference  of  a  TTnion  of 
German  Academies  and  Societies  which  met  from  time  to  time.  The  Society 
sent  delegates,  but  declared  that  the  Society's  permanent  adhesion  to  any 
such  association  must  be  conditional  on  its  being  made  truly  international  in 
diaracter.  The  principle  of  an  international  association  of  learned  Societies 
su^ested  by  the  Royal  Society,  was  accepted,  and  a  Conference  was  held  at 
Wiesbaden  in  1899  for  the  purpose  of  taking  steps  for  the  formation  of  such 
an  association.  Statutes  were  drawn  up  and  arrangements  made  for  the 
holding  of  the  first  General  Assembly  in  Paris  in  1901. 

The  primary  objects  of  the  Association  are  the  initiation  and  promotion  of 
scientific  undertakings  of  general  interest  and  of  universal  concern  to  mankind, 
especially  of  such  matters  as  are  outside  the  power  of  a  single  Academy 
and  require  for  their  promotion  the  assistance  of  the  Governments  represented 
by  the  Association.  Indirectly  by  its  triennial  General  Assemblies  in  different 
countries,  it  should  become  an  instrument  of  no  mean  power  for  the 
promotion  of  the  brotherhood  of  mankind  and  for  hastening  the  day 


The  Association,  as  now  constituted,  consists  of  twenty  Academies  and 
learned  Societies  of  Europe  and  America.  The  second  General  Assembly  of 
the  Association  was  held  this  year  in  London  under  the  auspices  of  the  Royal 
Society,  which,  as  directing  Academy,  had  had  general  charge  of  the  conduct 
of  it«  business  dnring  the  last  three  years.  The  Section  of  Letters  met  under 
the  direction  of  the  newly*fonnded  British  Academy. 

The  Society  has  accepted  heavy  respousibihties  at  the  instance  of  the 
Government  in  respect  of  the  control  of  scientific  observatione  and  research 
in  our  vast  Indian  Empire.  In  1899,  the  India  Office  inquired  whether  the 
Royal  Society  would  be  willing  to  meet  the  wishes  of  the  Indian  Govenunent 
by  exercising  a  general  control  over  the  scientific  researches  which  it  m^ht 
be  thought  desirable  to  institute  in  that  country.  A  Standing  Committee 
waa  appointed  in  consequence  by  the  Council  for  the  purpose  of  giving 
advice  on  matters  connected  with  scientific  enquiry,  probably  mainly 
biolc^cal,  in  India,  which  should  be  supplementary  to  the  Standing  Obeer- 
vatories  Committee  which  was  already  established  at  the  request  of  the 
Government  as  an  advisory  body  on  astronomical,  solar,  magnetic,  and 
meteorological  observations  in  that  part  of  the  Empire. 

An  investigation,  onerous  indeed,  but  of  the  h^hest  scientific  interest  and 
VOL.  Lxxvr. — A.  C 
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of  very  great  practical  importance,  \ms  been  carried  on  by  a  Beries  of  Com- 
mittees Buccessively  appointed  at  the  request  of  the  Government  for  the  con- 
sideration of  some  of  the  strangely  mysterious  and  deadly  diseases  of  tropical 
coontries.  In  1896  a  Committee  waa  appointed  at  the  request  of  the  Colonial 
Secretary  to  investigate  the  subject  of  the  Tsetse  Fly  disease  in  South  Africa. 
Two  years  later  Mr.  Chamberlain,  Secretary  of  State  for  the  Colonies,  requested 
the  Society  to  appoint  a  Committee  to  make  a  thorough  invest^Uon  into  the 
origin,  the  transmission,  and  the  possible  preventives  and  remedies  of  tropical 
diseases,  and  especially  of  the  malarial  and  "  Blackwater  "  fevers  prevalent  in 
Africa,  promising  assistance,  both  on  the  part  of  the  Colonial  Office  and  of 
the  Colonies  concerned.  A  Committee  was  appointed,  and,  under  its  auspices, 
skilled  investigators  were  sent  out  to  Africa  and  to  India.  In  the  case  of 
the  third  Committee  the  Society  itself  took  the  initiative.  An  outbreak  in 
Uganda  of  the  disease,  appalling  in  its  inexorable  deadliness,  known  as 
"  Sleeping  Sickness  "  having  been  brought  to  the  knowledge  of  the  Society,  a 
deputation  waited  upon  Lord  Lansdowne  at  the  Foreign  Office,  asking  him  to 
consider  favourably  the  despatch  of  a  small  Commission  to  Uganda  to 
investigate  the  disease.  He  gave  his  approval,  and  a  Commission  of  three 
experts,  appointed  on  the  recommendation  of  the  Committee,  was  sent  out 
to  Uganda,  £600  being  voted  out  of  the  Government  Grant  towards  the 
expenses  of  the  Commission. 

The  investigations  in  tropical  diseases,  promoted  and  directed  by  these 
Committees,  have  largely  increased  our  knowledge  of  the  true  nature  of  these 
diseases,  and,  what  is  of  the  highest  practical  importance,  they  have  shown 
that  their  propagation  depends  upon  conditions  which  it  is  in  the  power  of 
man  so  far  to  modify,  or  guard  against,  as  to .  afford  a  reasonable  expectation 
that  it  may  be  possible  for  Europeans  to  live  and  carry  on  their  work  in  parts 
of  the  earth  where  hitherto  the  sacrifice  of  health,  and  even  of  life,  has  been 
fearfully  great  A  general  summary  of  the  work  already  done  on  Malaria, 
especially  in  r^ard  to  its  prevention,  and  also  on  the  nature  of "  Blackwater  " 
Fever,  has  been  published  in  a  Parliamentary  paper,  which  records  Mr. 
Chamberlain's  acknowledgment  to  the  Koyal  Society  for  its  co-operation  in 
the  work  undertaken  by  the  Colonial  Office.  Our  Keports  on  Sleeping 
Sickness  up  to  this  time  form  four  parts  of  a  separate  publication  giving 
evidence  in  support  of  the  view  that  this  deadly  disease  is  caused  by  the 
entrance  into  the  blood,  and  thence  into  the  cerebro-spinal  fluid,  of  a  species 
of  Trypanosoma,  and  that  these  organisms  are  transmitted  from  the  sick  to 
the  healthy  by  a  kind  of  tsetse  fly,  and  by  it  alone;  Sleeping  Sickness  is  in 
short,  a  human  tsetse  fly  disease. 
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Iq  1897,  the  Couocil  was  requested  to  assist  the  Board  of  Trade  in  drawing 
up  Schedules  for  the  establishment  of  the  relations  between  the  Metric  and 
the  Imperial  Units  of  Weights  and  Measures.  A  Cominitlee  was  appointed, 
which,  after  devoting  much  time  and  attention  to  the  matter,  drew:  up 
Schedules  which  wet«  accepted  hy  the  Board  of  Trade  and  incorporated  in 
the  Orders  of  Council 

A  Coral  Beef  Committee  has  been  in  active  existence  for  some  years,  and 
has  directed  the  attempts  to  pierce,  by  boring,  the  atoll  of  Funafuti,  towards 
the  ezpenees  of  which  grants  have  been  made  by  the  CounciL  The  results 
of  the  work  have  appeared  in  a  lai^  volume,  giving  a  description  of  the 
whole  core  from  the  points  of  view  of  the  naturalist  and  the  chemist ;  and  a 
list,  with  critical  remarks,  of  the  species  of  animals  and  plants  collected. 

Soon  after  the  reports  were  received  of  the  appalling  volcanic  eruptions 
and  the  loss  of  life  which  took  place  in  the  West  Indies  in  1902,  the  Council 
received  a  letter  from  Mr.  Chamberlain  to  ask  if  the  Society  would  be  willing 
to  undertake  an  investigation  of  the  phenomena  connected  with  the  emptions. 
The  Council,  considering  that  such  an  investigation  fell  well  within  the 
scope  of  the  objects  of  the  Society,  organized  a  small  Commission  of  two 
experts,  who  left  England  for  the  scene  of  the  eruption  eleven  days  only 
after  the  receipt  of  Mr.  Chamberlain's  letter ;  the  expenses  being  tnet  by  a 
grant  of  £300  from  the  Government  Grant  Committea  Six  weeks  were 
spent  in  the  Islands,  including  Martinique,  by  the  Commission,  which  was 
successful  in  securing  results  of  great  scientific  interest.  A  preliminary 
report  was  published  at  the  time,  and  a  full  report  has  since  appeared  in  the 
"  Transactions." 

Time  forbids  me  to  do  more  than  mention  the  sucessive  expeditions  sent 
out  by  the  Society,  conjointly  with  the  Boyal  Astronomical  Society,  for  the 
observation  of  total  solar  eclipses ;  and  the  onerous  work  thrown  upon  the 
Society  for  several  years  in  connection  with  the  National  Antarctic  Expedi- 
tion, undertaken  jointly  with  the  Royal  Geographical  Society,  which  has 
this  year  returned  home  crowned  with  success  as  regards  the  latter ;  but  the 
Society's  labours  are  not  at  an  end,  for  the  prolonged  and  responsible  task 
of  the  discussion  and  publication  of  the  scientific  results  of  the  Expedition  is 
still  before  them. 

In  addition  to  the  numerous  undertakings,  of  which  some  examples  have 
been  given,  in  which  the  influence  and  work  of  the  Society  have  been 
exercised  for  national  or  public  objects,  there  are  a  number  of  other  ways  in 
which  the  Society  makes  its  influence  continually  felt  and  of  which  the 
responsibilities   are    always  with  it.     The  Society  is  represented  by  the 
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President,  aa  an  ex'offieio  elector,  in  the  election  of  eight  scientific  Professor- 
ships at  the  Oxford  University,  and  one  Professorship  at  Cambridge.  The 
President  is  also  ex-o^cio  a  trustee  of  the  Sritish  Museum,  and  of  the 
Hunterian  Museum,  and  a  Governor  of  the  City  and  Guilds  of  London 
Institute.  The  Society  baa  a  voice,  through  a  representative  Fellow  chosen 
by  the  Council,  on  the  Governing  bodies  of  the  Imperial  Institute,  the  IJster 
Institute  of  Preventive  Medicine,  Sir  John  Soane's  Museum,  Eton,  Kugby, 
Harrow,  Winchester,  and  four  other  Public  schools,  and  the  Advisory  Board 
for  Military  Education.  The  Council  of  the  Society  are  electors  of  four 
members  of  Lawes'  Agricultural  Trust,  and  are  nominators  of  the  members  of 
the  Meteorological  Council  The  Society  is  represented  by  the  President  and 
six  of  the  Visitors  on  the  Board  of  the  Greenwich  Obserratoiy.  One  of  the 
four  sets  of  copies  of  the  Standard  Weights  and  Measures  is  held  in  custody 
by  the  Society.  There  is  also  a  Committee  for  systematic  work  in  Seismolc^. 

To  the  Royal  Society  is  entrusted  the  responsible  task  of  administrating 
the  annual  Government  Grant  of  £4000  for  the  purpose  of  scientific  research, 
and  a  grant  of  £1000  in  aid  of  the  publication  of  scientific  papers. 

In  addition  to  these  permanent  responsibilities,  which  are  always  with  the 
Society,  its  advice  and  aid  are  sought  from  time  to  time  both  by  the 
Government  and  by  Scientific  Institutions  at  home  and  abroad,  in  favour  of 
independent  objects  of  a  more  or  less  temporary  character,  of  which,  as 
examples,  may  be  taken  the  recent  actiou  of  the  Society  for  the  purpose  of 
obtaining  Government  aid  for  the  continuation  tlirough  Egypt  of  the  African 
Arc  of  Meridian,  and  for  the  intervention  of  the  Government  to  assist  in 
securing  the  fulfilment  of  the  part  undertaken  by  Great  Britain  in  the 
International  Astrographic  Catalogue  and  Chart. 

Upon  the  present  Fellows  falls  the  glorious  inheritance  of  unbounded  free 
labour  ungrudgingly  given  during  two  centuries  and  a-half  for  the  public 
service,  as  well  as  of  the  strenuous  prosecution  at  the  same  time  of  the 
primary  object  of  the  Society,  as  set  forth  in  the  words  of  the  Charters : 
"  The  promotion  of  Natural  Knowledge."  The  successive  generations  of 
Fellows  have  unsparingly  contributed  of  their  time  to  the  introduction  and 
promotion,  whenever  the  opportunity  was  afforded  them,  of  scientific 
knowledge  and  methods  into  the  management  of  public  concerns  by  Depart- 
ments of  the  Government.  The  financial  independence  of  the  Boyal  Society, 
neither  receiving,  nor  wishing  to  accept  State  aid  for  its  own  private  purposes, 
has  enabled  the  Society  to  give  advice  and  assistance  which,  both  with  the 
Government  and  with  Parliament,  have  the  weight  and  finality  of  a  wholly 
disinterested  opinion.    I  may  quote  here  the  words  of  a  recent  letter  from 
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H.M,  Treasury : — "  Their  Lordshipe  have  deemed  themselves  in  the  past  very 
fortunate  in  being  able  to  rely,  in  dealing  with  scientific  questions,  upon  the 
aid  of  the  Boyal  Society,  which  commands  not  only  the  confidencs  of  the 
scientific  world,  but  also  of  Parliament" 

In  tlie  past  the  Soyal  Society  has  been  not  infrequently  greatly  hampered 
in  giving  its  advice,  by  the  knowledge  that  the  funds  absolutely  needed  for 
the  carrying  out  of  the  matters  in  question  in  accordance  with  our  present 
scientific  knowledge  would  not  be  forthcoming.  Though  I  am  now  speaking 
on  my  own  responsibility,  I  am  sure  that  the  Society  is  with  me,  if  I  say  that 
the  expenditure  by  the  Government  on  scientific  research  and  scientific  insti- 
tutions, on  which  its  commercial  and  industrial  prosperity  so  largely  depend, 
is  wholly  inadequate  in  view  of  the  present  state  of  international  competition. 
I  throw  no  blame  on  the  individual  members  of  the  present  or  former 
Qovemments ;  they  are  necessarily  the  representatives  of  public  opinion,  and 
cannot  go  beyond  it.  The  cause  is  deeper,  it  lies  in  the  absence  in  the  leaders 
of  public  opinion,  and  indeed  throughout  the  more  influential  classes  of 
society,  of  a  sufficiently  intelligent  appreciation  of  the  supreme  importance  of 
scientific  knowledge  and  scientific  methods  in  all  industrial  enterprises,  and 
indeed  in  all  national  undertakings.  The  evidence  of  this  grave  state  of  the 
public  mind  is  strikingly  shown  by  the  very  small  response  that  follows  any 
appeal  that  is  made  for  scientific  objects  in  this  country,  in  contrast  with  the 
lai^  donations  and  liberal  endon'ments  from  private  benefaction  for  scientific 
purposes  and  scientific  institutions  which  are  always  at  once  forthcoming  in 
the  United  States.  In  my  opinion,  the  scientific  deadness  of  the  nation  is 
mainly  due  to  the  too  exclusively  mediaeval  and  classical  methods  of  our 
higher  public  schools,  and  can  only  be  slowly  removed  by  making  in  future 
the  teaching  of  Science,  not  from  text-books  for  passing  an  examination,  but, 
as  far  as  may  be  possible,  from  the  study  of  the  phenomena  of  Nature  by 
direct  observation  and  experiment,  an  integral  and  essential  jiart  of  all 
education  in  this  country. 

I  proceed  Ut  the  award  of  the  Medals. 

Copley  Medal. 
The  Copley  Medal  is  awarded  to  Sir  William  Crookes,  F.RS.,  for  his 
expeiimental  researches  in  chemistry  and  physics,  extending  over  more  than 
fifty  years.  Ever  since  his  discovery  of  the  element  thallium  in  the  early 
days  of  spectrum  analysis,  he  has  been  in  the  front  i-ank  as  r^rds  the  refined 
application  of  that  weapon  of  research  in  chemical  investigation.  Later,  the 
discrepancies  which  he  found  in  an  attempt  to  improve  weighings,  by  con- 
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ducting  the  operatioo  in  high  vacua,  were  tracked  out  by  him  to  a  repulsion 
arising  from  radiation,  which  was  ultimately  ascribed  by  theory  to  the  actiou 
of  the  residual  gas.  This  phenomenon,  illustrated  by  the  radiometer,  opened 
up  s  new  and  fascinating  chapter  in  the  dynamical  theory  of  rarefied  gases, 
which  the  genius  of  Maxwell,  0.  Keynolds,  and  others  has  left  still  incomplete. 
The  improvements  in  vaena  embodied  in  the  Crookea  tube  led  him  to  h 
detailed  and  brilliant  experimental  analysis  of  the  phenomena  of  the  electric 
discliarge  across  exhausted  spaces ;  in  this,  backed  by  the  authority  of  Stokes, 
he  adduced,  long  ago,  powerful  cumulative  evidence  that  the  now  familiar 
cathode  rays,  previously  described  by  C.  F.  Varley,  must  consist  of  projected 
streams  of  some  kind  of  material  substance.  His  simple  but  minutely  careful 
experiments  on  the  prt^reas  of  the  ultimate  falling  off  in  the  viscosity  of 
rarefied  gases,  from  the  predicted  constant  value  of  Maxwell,  at  very  high 
exhaustions,  gave,  in  Stokes'  hands,  an  exact  account  of  the  trend  of  thi& 
theoretically  interesting  phenomenon,  which  had  already  been  approached 
in  the  investigations  of  Kundt  and  "Warburg,  using  Maxwell's  original  method 
of  vibrating  discs. 

These  examples,  not  to  mention  recent  work  with  radium,  convey  an  idea 
of  the  acute  observation,  experimental  skill,  and  persistent  effort,  which  have 
enabled  Sir  William  Crookes  to  enrich  physical  science  in  many  departments. 

liUHFORD  Medal. 

The  Kumford  Medal  ia  awarded  to  Prof.  Ernest  Kntherford,  F,K.S.,  on 
account  of  bis  researches  on  the  properties  of  radio-active  matter,  in  particidar 
for  his  capital  discovery  of  the  active  gaseous  emanations  emitted  by  such 
matter,  and  his  detailed  investigation  of  their  transformations.  The  idea  of 
radiations  producing  ionization,  of  the  type  originally  discovered  by  Bont^n, 
and  the  idea  of  electrified  particles,  like  the  cathode  rays  of  vacuum  tubes, 
projected  from  radio-active  bodies,  had  gradually  become  familiar  through  the 
work  of  a  succession  of  recent  investigators,  when  Butherford's  announcement 
of  a  very  active  substance,  diffusing  like  a  gas  with  a  definite  atomic  mass, 
emitted  by  compounds  of  thorium,  opened  up  yet  another  avenue  of  research 
with  reference  to  these  remarkable  bodies.  The  precise  interpretation  of  the 
new  phenomena,  so  promptly  perceived  by  Rutherford,  was  quickly  verified 
for  radium  and  other  substances,  by  various  observers,  and  is  now  universally 
accepted.  The  modes  of  degradation,  and  the  enormous  concomitant  radio- 
activity, of  these  emanations,  have  been  investigated  mainly  by  Kntherford 
himself,  with  results  embodied  in  his  treatise  on  liadio-activity  and  his  recent 


d  by  Google 


1904.]      Anniversai'y  Address  by  Sir  William  Hitggins.  23 

Bakerian  Lecture  on  the  same  subject  It  perhaps  still  lemains  a  task  for  the 
future  to  verify  or  revise  the  details  of  these  remarkable  transformations  of 
material  substances,  resulting  apparently  in  the  appearance  of  chemical 
elements  not  before  present ;  but,  bovrever  that  may  issue,  by  the  detection 
and  description  of  radio-active  emanations  and  their  transformations. 
Prof.  Kutherford  has  added  an  unexpected  domain  of  transcendent  theoretical 
interest  to  physical  science. 

KoYAL  Mbdal. 

A  Eoyal  Medal  is  awarded  to  Prof.  W.  Bumside,  F.RS.,  on  the  ground  of 
the  number,  originality,  and  importance  of  his  contributions  to  Mathematical 
Science.  The  section  of  our  "  Catalogue  of  Scientific  Papers  "  for  the  period 
1883-1900,  enumerates  fifty-three  papers  by  Prof.  Bumside,  the  first  dated 
1885,  and  the  "  International  Catalogue  of  Scientific  Literature "  thirteen 
more.  His  mathematical  work  has  consisted  lar^ly  of  papers  on  the  Theory 
of  Groups,  to  which  he  has  made  most  valuable  additions.  In  1897  he 
published  a  volume  "  On  the  Theory  of  Groups  of  Finite  Order,"  which  is  a 
standard  authority  on  that  subject  Two  recent  papers  on  the  same  theory, 
published  in  1903,  may  be  specially  mentioned.  In  one  of  these  be  succeeded 
in  establishing  by  direct  methods,  distinguished  by  great  conciseness  of 
treatment,  the  important  subsidiary  theory  of  group-characteristics,  which  had 
been  originally  arrived  at  by  very  indirect  and  lengthy  processes.  In  the 
other  he  proved  quite  shortly  the  important  result  that  all  groups  of  which 
the  order  is  the  product  of  powers  of  two  primes  are  soluble. 

Besides  the  treatise  and  papers  relating  to  group  theory.  Prof.  Bumside 
has  published  work  on  various  branches  of  pure  and  applied  mathematics. 
His  work  on  automorphic  functions  dealt  with  an  important  and  difficult 
special  case  which  was  not  included  in  the  theory  of  these  functions  as 
previously  worked  out  The  paper  on  Green's  function  for  a  system  of  non- 
intersecting  spheres  was  perhaps  the  first  work  by  any  writer  in  which  the 
notions  of  automorphic  functions  and  of  the  theory  of  groups  were  applied  to 
a  physical  problem.  He  has  also  made  important  contributions  to  the  Theoiy 
of  Functions,  Non-Euclidean  Geometry,  and  the  Theory  of  Waves  on  Liquids. 
His  work  is  distinguished  by  great  acuteness  and  power,  as  well  as  by  unusual 
elegance  and  most  admirable  brevity. 

BoYAL  Medal. 
The  other  Royal  Medal  is  awarded  to  CoL  David  Bruce,  F.E.S.,  who,  since 
1884,  has  been  engaged  in  prosecuting  to  a  successful  issue  researches  into 
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the  causatioD  of  a  number  of  important  diseaaee  affecting  man  and  animals. 
When  he  went  to  Malta  in  1884  the  exact  nature  of  the  widely-prevalent 
"  Malta,"  "  Eock,"  or  "  Mediterranean  "  Fever  waa  entirely  unknown.  After 
some  years'  work  at  the  etiology  of  this  diaease,  he  discovered  in  1887  the 
organism  causing  it,  and  succeeded  in  cultivating  the  Micrococcus  meliienm 
outside  the  body.  This  discovery  has  been  continued  by  many  other  workers, 
and  is  one  of  great  importance  from  all  points  of  view,  and  perhaps  more 
especially  as,  thanks  to  it,  Malta  Fever  can  now  be  separated  from  other 
diseases,  e.g.,  typhoid,  remittent,  and  malarious  fevers,  witli  which  it  had 
hitherto  been  confounded. 

During  the  next  few  years  he  was  engaged  in  researches  of  value  on 
Cholera,  and  on  methods  of  immunisation  against  this  disease.  He  also 
carried  out  some  work  on  the  Leucocytes  in  the  Blood,  published  in  the 
"  Proceedings  of  the  Royal  Society,"  1894, 

In  1894  he  was  requested  by  the  Governor  of  Natal  to  investigate  the 
supposed  distinct  diseases  of  "  Nagana  "  and  the  Tsetse  Fly  disease.  In  the 
short  time  of  two  months  he  nia4e  the  most  important  discovery  that  these 
two  diseases  were  one  and  the  same,  and  dependent  upon  the  pi-esence  of  a 
protozoan  organism  in  the  blood  known  as  a  Trypanosoma.  Some  six  months 
later  Bruce  was  enabled  to  return  to  Zululand,  and  reiuaiued  there  two  years, 
studying  the  disease  and  making  the  discovery  that  the  Tsetse  Fly  acted 
&s  the  carrier  of  the  oiganism  which  caused  it.  He  was  thus  the  first  to  show 
that  an  insect  might  carry  a  protozoan  parasite  that  was  pathogenic  This 
observation  was  made  in  1895. 

Bruce  not  only  determined  the  nature  and  course  of  "  Xagana,"  but  in 
addition  he  studied  the  disease  in  a  lai^e  number  of  domestic  animals,  and 
also  observed  the  malady  in  a  latent  form  in  the  wild  animals  of  South 
Africa.  Subsequent  observers  have  found  but  little  to  add  to  Brace's  work 
on  this  subject. 

In  1900,  Bruce  was  ordered  to  join  a  Commission  investigating  the  outbreak 
of  Dysentery  in  the  Army  in  South  Africa,  and  a  great  part  of  the  laboratory 
work  performed  by  this  Commission  was  carried  out  by  him. 

In  1903,  Col  Bruce  went,  at  the  request  of  the  Royal  Society,  to  Uganda, 
to  investigate  further  the  nature  of  Sleeping  Sickness.  It  was  very  largely, 
if  not  entirely,  owing  to  him  that  the  work  of  the  Boyal  Society's  Commission 
was  brought  to  a  successful  issue.  At  the  time  when  he  arrived,  a 
Trypanosoma  had  been  observed  by  Castellani  in  a  small  number  of  cases  of 
this  disease;  thanks  to  Bnice's  eneigy  and  scientific  insight,  these  observations 
were  rapidly  extended,  and  the  most  conclusive  evidence  obtained,  that  in  all 
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cases  of  the  disease  the  Trypauosoina  was  presont.  He  showed  further  that 
a  certaiu  Tsetse  Fly,  the  Cftosaina  palpalis,  acted  as  the  carrier  of  the  Ttypano- 
soma,  aad  ohtained  evidence  showing  that  the  distributioa  of  the  disease  and 
of  the  fly  were  strikingly  similsr. 

Bruce  has  therefore  been  instrumental  in  discovering  and  establishing  the 
exact  nature  and  cause  of  three  wide-spread  diseases  of  man  and  of  animals, 
and  in  two  of  these,  Nagana  and  Malta  Fever,  he  discovered  the  causal 
organism.  In  the  third.  Sleeping  Sickness,  he  was  not  the  first  to  see  the 
oi^anism,  but  he  was  quick  to  grasp  and  work  out  the  discover;,  and  he  made 
the  interesting  discovery  of  the  carrier  of  the  pathogenic  organism,  and  thus 
discovered  the  mode  of  infection  and  of  spread  of  the  malady,  matters  of  the 
highest  importance  as  regards  all  measures  directed  \a  arrest  the  spreading 
of  the  disease.  All  this  research  work  has  been  done  whilst  serving  in  the 
Koyal  Army  Medical  Corps,  and  engaged  in  the  routine  work  of  the  Service. 

Davy  Medal. 

The  Davy  Medal  is  awarded  to  Prof.  W.  H.  Perkiu,  jnn.,  F.K.S.,  for 
his  masterly  and  fruitful  researches  in  the  domain  of  synthetic  organic 
chemistry,  on  which  he  has  been  continuously  eng^ed  during  the  past 
twenty-five  years. 

Dr.  Perkin's  name  is  ideutified  with  the  great  advances  which  have  been 
nude  during  the  past  quarter  of  a  century  in  our  knowledge  of  the  ring  or 
cydic  compounds  of  carbon.  Thus,  in  the  year  1880,  the  cyclic  carbon 
compounds  known  to  chemists  were  chieily  restricted  to  the  unsaturated 
groupings  of  six  carbon  atoms  met  with  in  benzene  and  its  derivatives,  whilst 
the  number  of  compounds  in  which  saturated  carbon  rings  had  been  recognised 
was  very  limited,  and  it  was  indeed  considered  very  doubtful  whether 
oompounds  containing  carbon  rings  with  more  or  less  than  six  atoms  of  carbon 
were  capable  of  existence. 

The  starting  point  for  Dr.  Perkin's  researches  in  this  field  of  enquiry  was  his 
investigation  of  the  behaviour  of  the  di-hologeu  derivatives  of  various  organic 
radicals  with  the  sodium  compounds  of  maloulc,  aceto-acetic,  and  benzoyl- 
acetic  esters,  which  led  to  the  synthesis  of  the  cycUc  polymethylene 
compounds  up  to  those  of  hexametbylene,  whilst  heptamethylene  derivatives 
were  obtained  by  an  adaptation  of  the  well-known  reduction  of  ketonic  bodies 
leading  to  pinacones.  The  reactions  thus  introduced  by  Perkin  are  now 
classical,  having  proved  themselves  of  the  highest  importance  for  synthetical 
purposes  and  having  been  instrumental  in  stimulating  the  further  investi- 
gation of  the  cyclic  compounds  of  carbon. 
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Dr.  Ferkin  also  extended  tbe  same  methods  to  the  synthetical  formation 
of  carbon  rings  of  the  aromatic  series,  obtaining  by  means  of  ingeniously 
designed  reactions  derivatives  of  hydrindonaphthene  and  tetrabydronaphtha- 
lena 

But  whilst  the  above  achievements  depend  mainly  on  happily  conceived 
and  brilliantly  executed  extensions  of  the  malonic  and  aceto-acetic  ester 
syntheses,  Perkin  has,  by  a  remarkable  development  of  the  Frankland  and 
Cnppa  reaction  for  the  synthesis  of  hydroxyacids,  been  successful  in  building 
np  the  important  camphoronic  acid  in  such  a  manner  as  to  place  its 
constitution  beyond  doubt  (1897). 

Dr.  Perkin  has  further  devoted  much  attention  to  the  important  subject 
of  the  constitution  of  camphor,  towards  the  elucidation  of  which  he  has 
contributed  valuable  experimental  evidence  embodied  in  a  roost  important 
and  elaborate  paper,  containing  tlio  results  of  many  years'  work  in  conjunction 
with  numerous  pupils,  entitled  "  Sulphocamphylic  acid  and  Isolauronohc 
acid,  with  remarks  on  the  Constitution  of  Camphor  and  some  of  its  derivates  " 
(1898).  Bearing  on  the  same  subject  are  later  communications  on  camphoric 
add  and  isocamphoronic  auid. 

About  the  year  1900,  Perkin,  in  prosecuting  his  researches  on  the 
constitution  of  camphor  compounds,  succeeded  in  devising  synthetical 
methods  for  the  production  of  what  he  has  termed  "  bridged  rings,"  of  which 
a  simple  example  is  furnished  by  the  hydrocarbon  dicyclopentane 
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The  universal  admiration  of  organic  chemists  has  been  called  forth  by 
tiiese  investigations ;  they  reveal,  indeed,  a  wonderful  capacity  for  devising 
reactions  which  coerce  carbon  atoms  to  fall  into  the  desired  groupings. 

Of  other  publications  displaying  not  only  extraordinary  experimental  skill 
but  close  reasoning  and  the  power  of  interpreting  results,  mention  may  be 
made  of  Dr.  Perkin's  memorable  researches  on  the  constitution  of  dehydra- 
cetic  acid,  berberine,  brasilin,  and  heematoxylin  respectively. 

During  the  present  year  (1904),  Dr.  Perkin  has  made  perhaps  the  most 
remarkable  addition  to  the  long  list  of  his  achievements  by  successfully 
synthesising  terpin,  inactive  terpineol,  and  dipentene,  substances  which  had 
previously  engt^ed  the  attention  of  some  of  the  greatest  masters  of  organic 
chemistry. 
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In  conclusion  it  may  be  stated  that  Professor  Perkin  is  not  only  the 
author  of  the  above  and  numerous  other  important  researches  which  are 
outside  the  scope  of  this  brief  summary,  but  that  he  has  also  created  a 
school  of  research  in  organic  chemistry,  which  stands  in  the  very  highest 
rank. 

Barwis  Medal. 

The  Darwin  Medal  is  awarded  to  Mr.  William  Bateson,  F.R.S.,  for  his 
researches  on  heredity  and  variation. 

Mr.  Bateson  began  his  scientific  career  as  a  morphologist,  and  distinguished 
himself  by  researches  on  the  structure  and  development  of  Balanoglossus, 
which  have  had  a  far-reaching  influence  on  morphological  science,  and  which 
established  to  the  satisfaction  of  most  anatomists  the  affinity  of  the 
Enteropneusta  to  the  Chordate  phylum.  Dissatisfied,  however,  with. the 
methods  of  morphological  research  as  a  means  of  advancing  the  study  of 
evolution,  he  set  himself  resolutely  to  the  task  of  finding  a  new  method  of 
attacking  the  species  problem.  Becognising  the  fact  that  variation  was  the 
basis  upon  which  the  theory  of  evolution  rested,  he  turned  his  attention  to 
the  study  of  that  subject,  and  entered  upon  a  series  of  rescarclies  which 
culminated  io  the  publication  in  1894  of  his  well-known  work,  entitled 
"  Materials  for  the  Study  of  Variation,  etc,"  This  book  broke  new  ground.  Not 
only  was  it  the  first  systematic  work  which  had  been  published  on  variation, 
and,  with  the  exception  of  Darwin's  "  Variation  of  Animals  and  Plants  under 
Domestication,"  the  only  extensive  work  dealing  with  it ;  but  it  was  the  first 
serious  attempt  to  establish  the  importance  of  the  principle  of  discontinuity 
in  variation  in  its  fundamental  bearing  upon  the  problem  of  evolution,  a 
principle  which  he  constantly  and  successfully  urged  when  the  weight  of 
authority  was  against  it.  In  this  work  he  collected  and  systematised  a  great 
number  of  examples  of  discontinuous  variation,  and  by  his  broad  and  masterly 
handling  of  them  he  paved  the  way  for  those  remarkable  advances  in  the 
study  of  heredity  which  have  taken  place  in  the  last  few  years,  and  to  whicli 
he  has  himself  so  largely  contributed.  He  was  the  first  in  this  country  to 
recognise  the  importance  of  the  work  of  Mendel,  which,  published  in  1864, 
nod  for  a  long  time  completely  overlooked  by  naturalists,  contained  a  clue  to 
the  labyrinth  of  facts  which  had  resulted  from  the  labours  of  his  predecessors. 
He  has  brought  these  results  prominently  forward  in  Ei^land  in  bis 
important  reports  to  the  Evolution  Committee  of  the  lioyal  Society,  and  in 
papers  before  the  Royal  and  other  Societies,  and  also  before  horticulturists 
and  breeders  of  animals.    He  has  gathered  about  him  a  distinguished  body 
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of  workers,  and  has  devoted  bimself  with  great  eneigy  and  with  all  his 
available  resources  to  following  out  lines  of  work  similar  to  those  of  Mendel. 
The  result  has  been  the  supporting  of  Mendel's  conclusions  and  the  bringii^ 
to  light  of  a  much  wider  range  of  facts  in  general  harmony  with  them.  It  is 
not  too  much  to  say  that  Mr.  Bateson  has  developed  a  school  of  research  to 
which  many  biologists  are  now  lookii^  as  the  source  from  which  the  next 
great  advance  in  our  knowledge  of  organic  evolution  vrill  coma 


Stltestbr  Medal. 

Tlie  Sylvester  Medal  is  awarded  to  Georg  Cantor,  Professor  in  the 
University  of  Halle,  on  account  of  Ms  researches  in  Pure  Mathematics.  His 
work  shows  originaUty  of  the  h^hest  order,  and  is  of  the  most  far-reaching 
importance.  He  has  not  only  created  a  new  field  of  mathematical 
investigation,  hut  his  ideas,  in  their  application  to  analysis,  and  in  some 
measure  to  geometry,  furnish  a  weapon  of  the  utmost  power  and  precision  for 
dealii^  with  the  foundations  of  mathematics,  and  for  formulating  the 
necessary  limitations  to  which  many  results  of  mathematics  are  subject. 

In  1870  he  succeeded  in  solving  a  question  which  was  then  attracting 
much  attention — the  question  of  the  uniqueness  of  the  representation  of  a 
function  by  Foumier's  series.  The  extension  of  the  result  to  cases  iu  which 
the  convergence  of  the  series  fails,  at  an  infinite  number  of  suitably 
distributed  points,  led  him  to  construct  a  theory  of  irrational  numbers,  which 
has  since  become  classicaL  From  the  same  starting  point  he  developed,  in  a 
series  of  masterly  memoirs,  an  entirely  new  branch  of  mathematics — the 
Theory  of  Sets  of  Points. 

Having  established  the  fundamental  distinction  between  those  aggregates 
which  can  be  counted  and  those  which  cannot,  Cantor  showed  that  the 
aggregates  of  all  rational  numbers  and  of  all  algebraic  numbers  belong  to  the 
former  class,  and  that  the  arithmetic  continuum  belongs  to  the  latter  class, 
and  further,  that  the  continuum  of  any  number  of  dimensions  can  be 
represented  point  for  point  by  the  linear  continuum.  Proceeding  with  these 
researches  he  introduced  and  developed  his  theory  of  "  trausfinite  "  ordinal 
and  cardinal  numbers,  thus  creatit^  an  Arithmetic  of  the  Infinite.  His  later 
abstract  theory  of  the  order-types  of  aggregates,  in  connection  with  which  he 
hus  given  a  purely  ordinal  theory  of  the  arithmetic  continuum,  has  opened  up 
a  field  of  research  of  the  greatest  interest  and  importance. 
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Hughes  Medal. 

The  Hughea  Medal  is  awarded  to  Sir  Joseph  Wilson  Swan,  F.R.S.,  for  hia 
iavention  of  the  incandescent  electric  lamp,  and  his  other  inventiona  and 
improvements  in  the  practical  applications  of  electricity.  Not  as  directly 
included  in  the  award,  sbonld  be  mentioned  his  inventions  in  dry-plate 
photography,  which  have  eo  much  increased  our  powers  of  experimental 
investigation. 


2%e  Boring  of  the  Simplon  Tunnel,  and  the  Distribution  of 

Temperature  that  was  encountered. 

By  Feamcis  Fox,  M.In8t.C.E. 

(Communicated  by  C.  V.  Boys,  F.B.S.     Seceived  January  6, — 
Read  Januaiy  26,  1906.) 

The  construction  of  this  great  tunnel  under  the  Swiss  Alps,  between 
Brigue  in  Switzerland  in  the  valley  of  the  Bhone,  and  Iselle  in  that  of  the 
Biveria  in  Italy,  a  distance  of  19,730  metres,  has  been  carried  on  upon  such 
highly  scientific  lines,  and  has  revealed  such  extraordinary  results,  that  it 
has  been  thought  desirable  to  submit  them  in  the  form  of  a  communication 
to  the  Royal  Society.  They  are  likely  to  prove  of  considerable  value  and 
importance  as  regards  the  thermal  condition  of  the  region  underlying  that 
portion  of  the  surface  of  the  earth. 

It  is  not  necessary  here  to  refer  to  the  splendid  organisation  of  the  enter- 
prise, nor  to  the  humane  arrangements  for  the  welfare  of  the  men  ;  but  the 
rapidity  with  which  the  drilling  has  been  effected,  and  the  advance-headings 
driven  forward,  as  also  the  excellent  ventilation  provided,  have  enabled 
mach  more  trustworthy  results  to  be  obtained  than  would  otherwise  have 
been  the  case. 

The  Brandt  hydraulic  drill,  by  which  a  daily  advance  of  5*48  metres 
(18  feet)  for  months  together,  has  been  attained,  has  been  described 
elsewhere ;  but  the  fact  of  ite  rapid  advance  enables  the  temperature  of  the 
rocks  to  be  recorded  before  the  lapse  of  a  considerable  time  during  which 
the  rocks  would  he  cooling.    On  the  other  hand,  the  very  excellent  system 
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of  ventilatioD,  which  has  been  provided,  passes  an  enoi-mous  volume  of  fresh 
air  along  the  gallerieB,  thus  tending  to  produce  a  lowering  effect  in 
teniperature. 

During  the  trimestral  period  of  July,  August,  and  September,  1904,  the 
average  volume  of  air  introduced  into  the  tunnel  daily  was  as  follows : — 

From  the  Brigue  portal   ...         ...     2,934,140  cub.  metres 

From  the  Iselle ...     2,361,310 

Ora  total  of 5,295,450 

equivalent  to  3.3*9  cub.  metres  per  second  at  Brigue  and  27*3  cub.  metres  per 
second  at  leelle.  During  this  period  the  average  temperature  of  the 
e:ctemal  air  was  17°'5  C,  that  of  the  travelling  air  in  the  advanced 
headings  being  from  27*1  to  29°-7  C. 

As  the  advanced  gallery  was  proceeded  with,  a  series  of  boles  were  bored 
into  the  side  of  the  tunnel,  in  a  horizontal  position,  to  a  depth  of  1*5  metres, 
at  a  distance  apart  of  1000  metres.  Into  each  hole  was  introduced  a 
permanent  thermometer,  from  which  observations  were  made  and  results 
recorded.  It  is  not,  of  course,  possible  to  place  the  thermometer  in  advance 
of  the  excavation,  as  it  would  be  broken  by  the  next "  shot "  in  the  blasting 
opeiationa  It  is,  however,  placed  in  position  in  the  side  wall  as  soon  after 
the  boring  machine  has  gone  forward  as  is  possibla  The  effect  of  this,  no 
doubt,  is  that  a  slight  cooling  of  the  rock  occurs  before  the  observation 
can  be  made,  but  tliis  factor  of  error  has  been  as  far  as  possible  allowed 
for  in  the  diagram. 

On  the  accompanying  profile  (fig,  1),  which  is  drawn  to  natural  scale, 
the  squares  being  1000  metres  horizontal  and  vertical,  is  shown  the  position 
of  ihe  tunnel,  with  the  height  of  the  mountains  above  it  throughout,  and  on 
the  lower  diagram  are  given  the  results  of  temperature  observations,  so  that 
at  a  glance  the  heat  curve  may  be  compared  with  the  corresponding  mountain 
surface. 

It  will  be  observed  that  the  maximum  height  of  the  Alps  above  the 
tunnel  is  2135  metres  (7005  feet),  which  ie  far  greater  than  any  depth 
previously  attained ;  the  maximum  temperature  of  the  rocks  is  54°'5  C.   . 

In  order  to  show  the  rapid  cooling  of  the  rocks,  so  soon  as  perforation 
has  taken  place,  I  have  selected  four  points  on  both  sides,  dated  March, 
1901,  1902,  1903,  1904;  the  explanation  of  one  will  suffice  for  the  remaining 
three. 

March,  1901  Up  to  that  date  observations  had  been  taken  from  the 
entrance  at  Brigue  to  a  distance  of  4693  metres,  and  these  are  represented 


d  by  Google 


. 

i 
fa' 

W 

1 

r  i 

^ 

1 

1^ 

{ 

^ 

j 

) 

*! 

V 

■« 

\ 

5 

j 

i 

/ 

\ 

1 
! 

I 

« 

I 

i 

i 

\ 

t 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

^i 

i 

I      %      I      b      I      °o 


.GoQt^lc 


e   4?    *!    s;    tf 


32        Mr,  F.  Fox.     Boring  of  the  Simplon  Tunnel,  and    [Jan.  6, 

by  the  thick  top  line  on  the  chart  But  at  that  actual  date,  the  readings 
between  that  point  and  the  portal  had  been  lowered  by  cooling,  as  represented 
by  the  "  one  dot  and  dash  "  line. 

Similarly  in  March,  1902,  when  the  distance  of  6884  metres  had  been 
reached,  the  readings  are  indicated  by  a  "  two  dot  and  dash  "  line. 

In  March,  1903,  at  a  distance  of  8930  metres,  they  are  given  by  a  "  three 
dot  and  dash  "  line ;  and  in  March,  1904,  at  10,140  metres,  by  a  "  four  dot 
and  dash  "  line. 

At  the  southern  or  Iselle  side  of  the  Alps,  it  will  be  noticed  that  the 
temperature  follows  approximately  the  increasing  altitude  of  the  mountains, 
until  a  point  is  reached  at  about  2200  metres.  From  that  point  forward 
as  the  tunnel  advanced  the  heat  began  to  fall  off,  indicatii^  some  probable 
change;  at  about  4000  metres  it  fell  rapidly,  until  at  4400  metres  it 
attained  the  lowest  point  recorded  throughout  the  tunnel,  and  the  "Great 
Spring"  of  800  litres  per  second  (10,564  gallons  per  minutej  was  struck. 
The  water  when  first  encountered  was  under  very  high  pressure,  believed  to 
be  about  42  kilogranmieB  per  square  centimetre  (600  lbs.  to  the  square  inch), 
but  it  now  escapes  under  normal  pressure,  and  with  a  temperature  of  about 
13°  C. 

In  CDOSequence  of  the  heat  encountered  in  the  extreme  advanced  headings 
under  the  centre  of  the  Alps,  resulting  in  high  temperatures  both  in  the  air 
and  in  the  water  travelling  along  the  tunnel  from  the  "  feeders,"  the  dotted 
line  of  March,  1904,  indicates  a  diminution  in  the  cooling-ofT  of  the  rocks 
on  the  north  side  between  26  kilometres  and  8  kilometres ;  and  between 
1  kilometre  and  26  kilometres,  the  thermometers  actually  register  higher 
figures  than  were  encountered  in  the  original  driving  of  the  tunnel. 

In  like  manner  on  the  south  side  between  0  kilometre  and  4-4  kilometres 
the  cooling-off  has  been  reduced. 

In  considering  the  rise  of  the  Earth's  temperature  as  progressive  depths 
are  attained  from  the  surface,  these  phenomena  at  4400  metres  on  the  south 
side  must  be  regarded  as  purely  accidental,  and  as  in  no  way  affecting  the 
general  problem ;  they  must,  therefore,  be  discarded  and  not  be  allowed  to 
affect  in  any  way  the  calculations  or  conclusions. 

There  are  many  other  disturbing  factors  which  prevent  any  really  definite 
law  being  laid  down:  much  depends  upon  the  inclination  of  the  strata, 
whether  horizontal,  inclined,  or  vertical ;  whether  83mclinal,  or  anticlinal  ; 
the  character  of  the  rocks  must  also  affect  the  problem  considerably. 

A  point  of  some  dif&culty  to  ascertain,  is  the  temperature  which  is  to  be 
assumed  as  existing  near  the  surface  in  the  high  Alps.    Where  perpetual 
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snow  prevails,  it  donbtless  acts  as  a  protectioD,  and  preventa  radiation ;  and 
where  snow  lies  daring  the  long  months  of  winter,  the  same  results  obtun  to 
a  modified  d^ree.  Probablj  at  a  depth  of  6  to  9  metres  below  the  surface 
the  temperature  remains  nearly  uniform,  and  it  will  be  safe  to  assume  it  to  be 
zero  Centigrade  (32°  ¥.). 

As  we  have  a  total  height  of  2135  metres  (7006  feet)  available,  it  will 
vitiate  the  results  but  to  a  very  small  extent,  whether  this  be  taken  as 
6,  9,  or  12  metres.  But  assuming  10  metres  to  be  the  depth  at  which 
uniformity  is  to  be  found,  we  then  have  2126  metres  as  correspondmg  to  a 
rise  of  temperature  of  64°-3  C.  (or  97°-7  F.),  giving  a  temperature  gradient 
of  39  metres  for  l"  C.  (71'5  feet  for  each  d^ree  Fahrenheit). 

With  the  view  to  obtaining  an  average  of  the  results,  I  have  selected  the 
altitudes  and  temperatures  between  8  kilometres  and  13  kilometres,  and  the 
temperature  gradient  thus  obtained  gives  37  metres  per  d^pree  Centigrade,  or 
67'6  feet  per  d^ree  Fahrenheit 

I  was  in  hopes  that  I  should  have  been  able  to  report  in  this  communica- 
tion the  successful  and  final  perforation  of  the  tunnel,  but  owing  to  the 
presence  of  very  large  "  feeders  "  of  hot  water  {iB"  C.)  encountered  at  9141 
metres  from  the  southern  entrance,  prepress  has  been  retarded. 

At  this  date  (December  22),  however,  there  remains  only  a  diatanoe  of 
203  metres  to  be  traversed  before  the  headings  meet,  and  a  thioi^  passage 
is  expected  early  in  1905,  but  this  in  no  way  modifies  the  temperature 
results  given  above. 


TOL.  uavi.— A 
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On  a  Method  of  Finding  the  Conductivity  for  Heat. 
By  Professor  C.  Nivrn,  F.RS. 

(Received  December  5,  1904,— Read  January  26,  1905.) . 

iNTRODircnoN. 

This  paper  contain!  an  account  of  a  method  for  finding  the  conductivity  for  heat, 
especially  in  bad  conductora.  The  tmbetance  is  anppoeed  given  in  the  form  of  a 
cylinder,  or  rather  of  two  bkU-cylinders  preesed  together  and  heated  by  a  current 
passing  through  a  wire  along  the  axis.  IVhen  the  steady  state  has  been  reached, 
the  conductivity  is  given  in  terms  of  the  difference  of  temperatures  at  known 
distances  from  the  axis,  and  the  heat  supplied  by  the  wire.  The  latter  can  be 
found  when  we  know  the  current  passing  through  it  and  the  difference  of  potential 
at  its  ends. 

The  first  part  of  the  paper  contains  a  detailed  account  of  the  methods  employed 
for  finding  the  difference  of  temperature,  and  a  desoriptioQ  of  the  apparatus  used. 
The  resulte  of  some  experiments  made  with  it  are  also  given,  and  compared 
with  those  found  by  other  observers. 

The  second  part  of  the  paper  contaioa  a  solution  of  the  mathematical  problem 
of  the  diffusion  of  heat  in  an  infinite  solid  from  a  line  at  which  it  is  supplied  at  a 
constant  rate,  and  the  solution  of  some  other  allied  quesdons. 

One  result  of  the  investigation  suggests  a  method  of  finding  the  diffUsivity 
directly,  when  the  substaaoe  is  of  sufficiently  great  extent 

Part  I. 

1.  If  heat  be  supplied  uniformly  and  continuously  to   a  solid  within   a 

given  space  at  the  rate  of  H  unite  per  second,  and  if  a  surface  S  be  drawn 

round  this  space,  then  when  the  steady  state  has  been  attained  and  the 

temperature  at  each  point  is  constant  in  time, 


J    an 


the  int^ral  being  taken  over  the  closed  surface,  k  being  the  conductivity, 
and  tW/dn  the  normal  variation  of  0  outwards.  In  particular,  if  the  solid 
be  in  the  form  of  a  circular  cylinder,  and  the  heat  bo  supplied  by  an  electric 
current  passing  through  a  uniform  straight  wire  coinciding  with  its  axis, 
the  equation  takes  the  form 

dr 
the  enclosing  surface  being  a  coaxial  cylinder,  and  Hj  the  heat  supplied  per 
centimetre  per  second. 
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If  we  integrate  this  equation,  we  find  for  the  difference  of  temperatureB 
6i~6f  &t  distances  a,  h,  from  the  axis,  the  expression 

Hilog,6/o=2irfi?i-e,)i. 
Upon  this  equation  we  may  base  &  method  of  finding  k,  since  the  heat 
evolved  in  the  wire  per  unit  length  is  readily  found  when  we  know  the 
current  i  (in  amperes)  paasing  through  it  and  its  resistance ;  or  what  comes 
to  the  same  thing,  the  current  and  the  difference  of  potentials  V,— V, 
(in  volts)  between  two  points  at  a  known  distance  apart.  These  data  can 
be  got  by  using,  say,  a  Weston  millivoltmeter  provided  with  suitable  shunts 
and  resistances,  and  may  be  obtained  with  considerable  accuracy  if  the 
instrument  be  properly  calibrated. 

Reducing  electrical  to  heat  units  the  value  of  the  conductivity  is  given  by 

4.2x27r(«i-ff,)r 
I  being  the  length  of  the  heating  wire,  at  the  ends  of  which  the  potentials 
are  taken. 

The  heating  wires  used  were  of  platinoid.  At  first  wires  of  No.  40 
S.W.Q'.  were  used  carrying  currents  of  about  one  ampere,  but  these  were 
afterwards  replaced  by  thicker  wires  of  No.  34,  as  they  were  found  to  give 
too  great  a  heating  effect,  and  caused  the  wood  in  which  they  were  placed  to 
shrink  at  the  centre,  and  besides,  in  addition,  were  liable  to  snap  when  drawn 
tight    The  thicker  wires  gave  more  satisfactory  results. 

2.  The  temperatures  6^,  $^,  or  rather  6i—6^  were  measured  either  by  the 
change  of  resistance  of  platinum  wires  embedded  in  the  body  parallel  to 
the  axis,  or  by  thermo-electric  junctions  formed  by  soldering  together  thin 
iron  and  German  silver  wires  placed  in  the  same  positions  as  the  platinum 
wires.  These  fine  wires  were  stretched  round  two  brass  pins  so  as  to  be 
at  distances  about  1  cm.  and  3  cm.  from  the  heating  wire. 

When  solids  were  tested  they  were  made  in  the  form  of  two  half 
cylinders,  one  of  which  was  placed  in  a  semi-cylindrical  wooden  shell,  which 
was  moved  up  till  the  two  wires  rested  on  its  fiat  face.  If  platinum  wires 
were  used  their  resistances  were  now  compared.  The  current  is  then  passed 
through  the  heating  wire,  which  is  drawn  t^ht  round  a  brass  pin  and  fixed 
to  lie  parallel  to  the  other  two  wires. 

The  second  half  cylinder  and  the  other  semi-cylindrical  wooden  shell 
were  then  placed  upon  it  and  squeezed  firmly  down.  If  this  operation  be 
carefully  performed  it  is  possible  to  fix  the  wires  in  their  positions,  though 
the  thin  platinum  wires  gave  some  trouble  owing  to  their  great  fragility, 
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When  the  apparatus  Ib  used  for  testii^  the  conductivity  of  powders,  the 
lower  shell  is  first  filled  and  the  wires  placed  in  position  on  the  upper 
surface  of  the  substance,  the  current  turned  on  and  the  heating  wire  drawn 
tight.  The  upper  shell  is  now  laid  above  the  first,  and  filled  through  a 
slot  made  along  the  top,  the  powder  being  distributed  to  fill  it  completely. 

The  apparatus  is  shown  generally  in  fig.  1,    Fig.  2  is  a  horizontal  section 


in  the  plane  of  junction  of  the  two  half  cylinders ;  AA,  BB  are  the  two 
thermometric  wii-es,  and  CD  the  heating  wire  fixed  to  brass  plates.  The 
length  of  the  cylinders  used  was  15  cm.,  and  the  diameter  9  cm.  The 
heating  wire  had  a  length  of  25  cm.  in  the  later  experiments. 

3.  Thermomehic  Arrangemmts. — (1)  When  the  difference  of  temperatures 
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was  measured  by  Ihe  change  of  reeiBtance  of  platanum,  a  piece  of  platdnum 
vire  was  coated  with  copper  and  the  whole  drawn  out  till  the  platinum  had 
a  thickness  of  about  0-035  mm.,  that  of  the  copper  being  about  0*27  mm. 
Ad7  change  of  resistance  was  thus  appreciably  due  to  the  platinum.  Two 
lengths  from  the  same  piece  were  taken,  laid  together,  and  being  connected 
with  soft  wax,  were  bared  as  nearly  as  possible  to  the  same  extent  of  about 
3  to  4  cm.,  so  that  their  resistances  were  very  nearly  equal. 

If  Bq  be  the  resistance  of  the  inner  on%  K'q  that  of  the  oater  befoi-e 
heating,  let 

Bo:K'o  =  «:y9. 

when  compared  by  the  Wheatstone's  Bridge  method,  taking,  say,  a  =  1000 
and  fi  a  number  not  far  from  1000.  After  heating,  and  when  the 
temperature  has  become  steady, 

E,  becomes  E,  =  E„  [l+«(^i-^o)]' 

R',       „       R',=  R'o[l  +  c(ds-flo)], 

where  e  is  the  temperature  coefBcient  of  the  resistance  of  platinum,  and  9^ 
is  the  temperature  of  the  room. 

Suppose  now  that  R, :  R',  =  a :  ySj.    Then 

i+»(g,-^_g 

If  the  total  changes  of  resistance  are  only  comparatively  small  fractions  of 
the  original  resistance,  we  have 

Of  conrse,  if  c  (0j—0q)  is  a  considerable  fraction,  the  resistances  most  be 
found  separately.  In  the  experiments  actually  made,  fff-fi^  amounted  to 
about  30°  at  most,  and  e  =  1/400,  so  that  the  assumption  here  made  is 
snfiBciently  accurate. 

(2)  So  much  difficulty  was  experienced  in  the  use  of  these  fine  platinum 
wires,  especially  in  testing  loose  powders  such  as  sand  or  mould,  that  they 
were  ultimately  given  up,  and  the  difference  of  temperatures  found  by  the 
thermo-electric  junctions  already  described.  The  arrangement  used  was  a 
wire  of  German  silver  of  0*2  mm.  diameter  between  two  iron  wires  of  the 
same  diameter,  stretched  parallel  to  the  axis  of  the  cylinder  so  that  the  two 
wires,  and,  tlierefore,  the  junctions,  were  at  the  distances  apart  previously 
chosen,  that  is  to  say,  1  cm.  and  3  cm.  from  the  heating  wire.  As  tlie 
resistance  of  the  galvanometer  employed  waa  about  800  ohms,  tJte  defiectioa 
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was  sensibly  proportional  to  the  difference  of  temperature.    B7  independent 
experiments  one  scale  division  represented  0*70°  C. 

4.  With  r^rd  to  the  choice  of  the  distances  a,  b  from  the  central  wire,  it 
is  clear  that  these  should  not  be  taken  too  nearly  equal ;  for,  unless  &  be  a 
moderate  multiple  of  a,  any  error  in  the  measurement  of  one  of  them,  say  a, 
will  introduce  a  large  error  in  log,  b/a. 

Let  a'  for  instance  =  a(l  — 1/n), 

!c^  b/a'  =  log  h/a+  1/n,  nearly. 

Thus,  if  a  =  1  cm.,  b  =  1-5  cm.,  and  -  a  =  0-5  mm., 

log  t/«  =  0-405,  l/ft  =  0-05, 

so  that  the  error  is  about  12  per  cent  of  the  whole. 

By  takii^  b/a  =  3  the  error  lies  between  4  and  5  per  cent 

As  between  the  two  pairs  of  distances  1,  6  and  2,  6  cm.,  we  should  rather 

choose  the  latter,  as  log,  6  is  not  quite  2  log,  3,  and  an  error  of  0*5  nun.  in 

2  cm.  is  only  half  as  important  as  the  same  error  in  1  cm. 
In  the  present  form  of  the  apparatus  I  have  therefore  taken  a  =  1  cm.; 

b  =  3  cm. ;  and  in  a  larger  model,  a^2  cm.,  b  =  6  cm. 

5.  It  is  desirable  to  know  how  long  an  experiment  need  be  continued  to 
get  a  fair  approximation  to  the  steady  state.  For  this  purpose  it  is  necessary 
to  know  how  the  temperature  rises  at  any  point 

In  the  second  part  of  this  paper  the  solution  is  given  of  the  problem  of  the 
diffusion  of  heat  in  an  infinite  cylinder  from  a  steady  source  at  the  axis. 
Taking  the  result  as  a  guide  for  the  present  case,  we  have 

where  af  =  t^/nt,  and  r  is  the  distance  from  the  axis  and  n  the  diffusivity. 

Assuming,  provisionally,  that  T^/4n{  is  large  enough  to  make  r'/4nf  small, 
ve  may  expand  «~'*/*"',  and  retain  only  the  first  two  terms.    Tims 


0,~0,  =  a(logi     '^- 


8nt  r 

The  fiiBt  term  of  the  expression  gives  the  temperature  of  the  steady  state, 
and  if  the  temperature  be  5  per  cent  bdow  its  final  value. 

If  a  =  1  om.,  &  =  3  cm., 

t  =  lS-2/il. 
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In  the  case  of  sand,  for  which  n  is  given,  0'0032  (Everett's  '  Units  and 
Physical  Conatants') 

(  =  5702,  or  about  1^  hours. 

To  get  within  1  per  cent.,  we  should  have  to  continue  the  heating  for  about 
7  J  hours. 

It  may,  perhaps,  be  worth  remarking  that  the  difiusivity  may  be  found 
directly  from  the  expression  for  d$/di  given  in  the  second  part  of  the  paper 
and  quoted  above ;  for 

(it      t 

which  is  a  maximum  when 

t  =  r*/4w. 

Taking  r  =  3  cm.,  the  time  required  is  only  about  one-eighth  of  that 
previously  necessary. 

6.  As  an  illustration  of  the  results  which  the  method  gives,  I  add  a  list  of 
some  'substances  whose  conductivities  have  been  found  by  it.  In  the  case  of 
the  woods,  the  flow  of  heat  is  across  the  fibres.  In  the  second  column  the 
tetter  B  indicates  that  the  difference  of  temperatures  was  found  by  the  change 
of  resistance  of  the  platinum  wires,  J  that  it  was  found  by  tbermo-eleotric 
jtmctionB.  The  distances  of  the  thermometric  wires  from  the  central  wires 
are  ^ven  in  the  third  and  fourth  columnB ;  in  the  earlier  experiments,  hfa 
was  taken  nearly— 1*5,  while  in  the  later  ones  b/a  is  about  3.  The 
numbers  agree  fairly  well,  though,  for  the  reasons  given  above,  I  think  the 
latter  ratio  preferable.  The  fifth  column  shows  the  size  of  the  platinoid  wire 
used  as  the  source  of  heat,  and  the  sixth  the  current  passing  through  it. 

Some  determinations  by  other  observers  are  added ;  these  are  taken  from 
Everett's  '  Units  and  Physical  Constants.' 

I  wish  to  express  my  indebtedness  to  Mr.  William  Mitchell,  M.A.,  by  whom 
many  of  these  determinations  were  made,  for  this  and  other  assistance  he  haa 
given  me  in  the  coarse  of  the  work. 
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Pabt  IL 

In  coonectioti  with  the  foregoing  method,  based  on  the  steady  state,  it  seemed 
desirable  to  know  the  mode  in  which  this  state  is  attained  at  any  time  after  the 
heating  is  b^^un.  As  a  preliminary,  the  problem  of  the  heating  of  a  rod  by 
heat  supplied  uniformly  in  the  middle,  was  first  attacked  in  Fourier'B  way  by 
treating  it  as  the  limit  of  a  rii^  of  infinite  radius.  The  results,  though 
complicated  in  form,  may  be  worth  recording,  as  the  conditions  approximate 
to  those  actually  nket  with  when  one  end  of  a  metal  rod  is  pat  into  a  hot 
flame. 

The  case  of  a  small  spherical  cavity  is  added,  and  may  be  taken  as  an 
illnstratioa  of  the  way  in  which  the  heat  given  out  by  a  small  morse)  of  radium 
is  propagated  through  an  infinite  solid. 

In  all  the  questions  treated  in  this  part  the  body  is  supposed  infinite  in  the 
directions  in  which  the  flow  of  heat  is  considered,  Uie  ring  and  thin  spherical 
shell  excepted. 

Cask  1.  Thin  Circular  Ring  with  Sar/ace  IttyaermecAle  to  Heai. — Consider 
first  the  case  of  a  uniform  thin  circular  ring  heated  at  one  spot. 

Let  h  =  conductivity,  o-  =  specific  heat  per  unit  volume, 

A  =  fiross-section  of  ring,  c  =  its  mean  radius, 

.  8  =  an  arc  of  ring  measured  from  the  heated  spot, 
^  =  the  angle  subtended  by  s  at  the  centre,  so  that  s  =  c^, 
H  =  heat  supplied  at  the  spot  per  second. 

Tha  general  equation  of  conduction  ia 

^W^^''^'        "'        ^Sf*'"^  '^>* 

$  being  tJie  temperature. 

If  the  heat  has  been  supplied  (or  a  long  time  t,  the  t^nperalure  will  be 
sensibly  uniform  thioi^out  and  equal  to 

H(/27reA«r. 
If  we  include  the  efTect  of  conduction  we  may  satisfy  Equation  (1)  by  adding 
to  this  a  term  of  the  form  B^^+C^+B,  where 
B  =  Hc/2tAA 
and  the  other  constants  are  undetermined. 

To  complete  the  general  solution  we  have  to  add  terms  of  the  form 

L+SMiCOBt^e-*" (2), 

whMe  \&  =  k?}t?  (3)l 
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We  have  also  to  satiafy  Che  conditions  thiU>  tiie  flow  of  heat  oatwttrds  at  the 
origin  0  is  constantlj  equal  to  JH  on  either  side,  that  is,  corresponding  to 
^  =  0,  ^  =  2m 

All  these  conditions  are  satisfied  by  the  expression 

»  =  2^+3^4 <*-'>"-^^+^'^'»'**'-" W- 

It  will  be  noted  that  the  last  terms  give  no  flow  at  0,  on  either  aide,  nor  at 
the  diametrically  opposite  point,  as  ought,  from  symmetry  to  be  the  case. 

The  constants  L,  M  are  determined  in  the  usnal  way  by  taking  ^  =  0,  when 
2  =  0,  all  over  Uie  ring.    Thna 

Jfl  ■'o 

Mjroos»i^#+^^  n^-ir)ScoBi0rf^  =  0. 
Jo  ^      Jo 

And,  finally, 

*^       2ircAo-         4^Ak         12AJc    wAJc^t^       ^  ^^' 

Cask  2.  InfinUe  Straight  Hod  Seated  at  the  Middle. — By  putting 
c^  =  X,    i/e  —  z,    1/c  =  dn,    and  c  =  eo  , 
we  pass,  in  Fourier's  way,  to  the  case  of  an  infinite  straight  rod. 

2irAJc    6vAk    ttAA-J   2* 
The  second  term,  which  is  infinite,  may  be  treated  thus — 
■>r»/6  =  l/l»+l/2»+l/3s+  .  .  . 

Jo 
If  we  integrate  the  last  term  by  parte,  dropping  the  factor  H/ttAA:  and 
include  this  term,  we  have 

,  mr 


r_l+lco8ace-*"*/'1    +f  ''.^^e-'^'/'dz  +  ^C 


cos  zxe~'^'dz. 


and  the  part  oatatde  the  integral  sign  now  vanishes  at  both  limits. 
If  we  put  n  =  kfa; 

rco8««-*'<fe  =  — ^  X  «-«■'*-. 
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Jo      *  2y/nt]^ 

ftudtiiua  finally 

'=  -m^M"^-"-*'\':-"'"'^}^ » 

Cask  3.  Sing  with  Sadiaiing  Surface. — If  P  be  the  perimeter  of  a  croaa 
aectioD,  and  A  the  constant  of  radiation,  the  equation  of  the  flow  of  heat  along 
the  ring  is 

^^^=*'g+™ w 

If  the  flow  of  heat  irom  the  source  were  continued  for  a  long  time  t,  the 
final  temperatore,  n^ecting  conduction,  would  be  given  by 

»-  ^_ 

Wckl 

Including  conduction,  it  is  easy  to  see  that  the  general  Equation  (7)  is 
satisfied  by  an  expression  of  the  form 

(8). 

where  m*/<^  =  VhfAJc,        ■» 

\.A.a  =  kX?l^+Vhi    *  '* 

The  condition  that  the  flow  at  either  side  of  the  origin  should  be  equal  to 
H/2  requires  that 

-B.m/c.tA(e-«'-("'>  =  H/2. 

when  (  =  0,  tf  =  0  everywhere. 
Thus 

L-^^+B(«-<*-"+<-~<*-')+2MiCoei0  =0. 

Determining  the  constants  L,  Mj  in  the  usual  way, 
H        e 


Thus,  finally. 


H_,.mA,+  H  i.  ±  <■'♦-'+'-'*-■'     ,-i^i.  He  J  COS  <♦-!,, 
2  mAjfc      «"-—«-""  ttAA    i*+m' 


.    (10). 
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Cass  4.  It^Ue  BadiaHn^  Sod. — To  pass  to  this  case,  pnt  c^  =  a^  c  =  oo . 
n  theny'  =  Pi/A*, »  =  ,y,  »d  '-»-'+'-'♦-'  =  .--+<^-^  ^ 

H  <-'■'_  H       p,,,A,rco82a;   ^,^^  ^j, 

2M  p      wAJc  ]^'^+r 

This  integrftl  may  be  expressed  in  terms  of  two  int^rals  of  the  error- 
ftmctioQ  type,  but  it  is  imnecessaiy  to  give  the  reduction  her& 

Cask  5.  Tkin  Spherical  Shell. — The  case  of  an  infinite  cylinder  heated  from 
a  wire  passing  along  its  axis  is  the  same  as  the  two-dimensional  problem  of 
a  plate  heated  at  a  point. 

To  treat  this,  consider  first  the  case  of  a  tbin  spherical  shell,  heated  steadily 
from  a  small  circolar  hole,  and  take  the  boundary  of  the  shell  to  be  impermeable 
to  heat 

The  general  equation  of  the  flow  along  the  shell  is 

a^rA}-^'^^V  =  ''ii <^2>' 

a  being  the  radios  of  the  shell,  /i  =  cos  d,B^  =  angular  distance  from  holfl. 
If  fl  be  its  thickness,  the  final  state,  after  a  long  time  t,  is  given  by 

To  satisfy  Equation  (12)  generally,  including  this  term,  we  require  a  term  q 
snch  that 


^M-^'^%\-^- 


whence  {1-,l')^=  a(ji+C).  where  .  =  j^- 
Aad  the  complete  value  of  0  will  be 

where  \  =  i(i  +  l)k/a'ir.  Pi  being  the  usual  zonal  harmonic  of  d^ree  t. 
The  flow  across  any  small  circle  ^  is 

The  port  of  this  depending  on  Fj  vanishes  when  .9  =  0  or  /*  »  1 ;  and.  if 
C.=  1,  the  part  derived  &om  q  will  be  equal  to  H.    Thus 
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The  complete  expression  for  B  is  therefore 

4^-i3>'«(l-'')  +  f'*I''-"    d')- 

To  determine  Mj  we  beve,  when  t  =  0, 

f+i  f+i 

Now  |.{(l_^.)^}=_i(i  +  l)P,. 

Hence 

The  first  term  on  the  left  hand  vanishes  except  when  i  =  0.    On  the  right 
hand  (1-fi')^  Pi  =  a(l+/i)Pi  =!  2i>,  between  the  limits;  end 

which  vanishes  both  when  /i  =  1  and  when  /i  =  —1.    Thus  , 
J4=-«(2i+l)/i(i  +  l> 
The  constant  term  Mg  is  given  from 

Mo  j  dM  =  «jlog(l-/*)rfM  -  -a{a-/*)log(l -/»)-(! -/*)}11 
=  a  (2  log  2— 2), 
or  M(,  =  «(log2— 1). 

Thus  the  complete  expression  for  6  ia 

'  =  i^-{><-i^)-'}-?5m^'-" ("> 

where  a  =  S/iirek, 

"When  t  s  0,  0  =i  0  everywhere,  and  this  requires  that 

an  expression  which  may  be  readily  verified  from  the  expression 
(1-2^+*')-'=  l+SP(t'. 
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Case  6, — Infinite  Plane  Plate.  This  case,  which  also  includee  that  of  an 
infinite  cylinder  heated  along  its  axis,  may  be  deduced  from  the  forgoing 
one  by  putting 


r  being  the  distance  of  any  point  from  the  centre,  and  by  taking 

i/a  =  z,        1/ffl  =  &,         \  =  h^fa ; 
also  Pi  =  Jo(ir), 

and  the  expression  for  6  is 

«=  -^(^"«i+^K2Ti["«'-f/-^«(">'-"''^]-  <">• 

where  H]  Btauds  for  the  heat  supplied  per  unit  length  in  unit  time,  and 
n  =  kfff. 

The  integral,  which  itself  is  infinite,  is  coupled  with  an  infinite  term,  the 
difference  between  the  two  being  the  finite  part  on  which  the  solution 
depends.  The  same  point  came  up  in  the  deduction  of  the  solution  for  the 
infinite  rod  from  that  of  the  ring,  but  in  that  case  it  was  possible  to  assign  a 
finite  form  for  the  difference. 

The  form  of  the  integral  in  (15)  suggests,  as  will  be  seen  later,  another  way 
of  obtaining  the  solutiou,  but  it  is  possible  to  deduce  from  it  a  form  of 
solution  satisfying  all  the  conditions  of  the  problem.  For  if  we  differentiate 
the  above  expression  with  r^ord  to  the  time,  we  have 

•'o 
or,  putting  ?  =  z\/nt,        x  =  rj'/^, 

!(  is  easy  to  T<erify  by  direct  differentiation  that 

ax 
and  therefore  «  =  At-'^l*. 

To  find  the  constant  A,  we  observe  that  when 

ar  =  0,         «  =  f"je-frfi:=  J ;         so  that  A  =  i 
'o 

Thus  ^  =  ^\\i-'''\      e  =  A.fVie-'^^rfi. 

dt      4ifkt  4wS^] 
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But  a:*  =  i^fiU,    aDd  therefore    2dx/x+dt/t  =  0. 

ThnB  0  =  ^r3r^e~^/*dx.    (16). 

Another  ^ution  of  this  Case, — The  expression  just  given  for  0  was 
<aigiiiall7  obtained  by  a  different  method,  whicti  may  be  now  given.  The 
inte^iral  contained  in  the  Equation  (15),  viz., 

may  be  written,  using  the  same  symbol  2f,  as  above,  in  the  form 

which  shows  that  5  is  of  the  form  ^(t^JiU). 
Bat  the  general  equation  of  the  flow  of  heat  in  two  dimensions  is 

dj^    df      ndi' 
which  may  be  satisfied  by  fl  =  ^(u),  where  v  =  (3^+y')/nt,  if 

dv  dir  av 


The  total  flow  across  the  boundary  of  the  cirele  of  radius,  r,  in  unit  time 

=  —  2irTk  -r-=s  —  ■ivkv  -^ , 
dr  ,      dv 

and  when  r  =  O.'Vjr  -d  =  0,  this  is  to  be  equal  to  Hi-    Therefore 

A=-H,/4wt 


Thus  S=i^\   v-^e-''*dv, 

4wKJ 

the  apper  limit  of  integration  being  taken  to  make  0  everywhere  =  0,  when 

Writing  z*  for  v,  this  expression  becomes  the  same  as  that  previously  found 
in  Equation  (16). 
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CasC  7.  Ciue  0/  an  Infinite  Solid  with  »jaaJi  Spherical  Sourct. — ^Tbe  eqoAtion 
of  motion  in  this  ease  is 


,/tPe^2d$\         dd 
^W^Td^r^di' 


ntm  =  im  (17). 

where  n  =  i/<r. 

When  t  is  infinite  and  the  flow  has  become  steady, 

tf  =  A/r+B,     where    Jb.4irA  =  H. 
But  the  geneial  Eqoation  (17)  is  satisfied  also  by 

6t=  1  0(»)co8CT"e-"^(fe,   and  by    f  ^(z)  sin  zr  «""*'<&. 
•'o  ■  *  Jo 

If  we  cbooee  the  latter,  and  put  ^(z)  =  C/z,  we  may  take  aa  Uie  ^solution 
applicable  to  the  present  case 

a       H  1  ,  C  f*8in«r  _,jjj 
ifakr      r  )       g 
For, 

(1)  When  r  s"  00 ,  it  reproduces  the  steady  state ; 
(2)When/  =  0.5=i(^^+cf^!l^d.), 

which  vanishes  if  G  =  — 2/T.H/4ir£; 

(3)       -4?rJb^^  =  H-?5  f"!S^e-"«d*+?lrf"co88r8-«'&. 

which  is  equal  to  H  when  r  =  0.    All  tba  conditions  are  therefore  satisfied. 
The  solution  tberefoie  is 

4nrkr  V      xj      z  /      4^kr  *       y/ntj  > 
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By  Richard  C.  Maoladbin,  JIA,,  LLD..  Fellow  of  St  John's  College, 
Cambridge,  Professor  of  Mathematics,  WeUington,  New  Zealand. 

(Communicsted  by  Profeaeor  J.  Larmor,  Sec.  R.S.     Received  January  17, — 
Read  February  2,  1906.) 

Supposing  the  phenomena  of  light  to  be  due  to  displacements  in  a  rotatdoual 
ether,  we  have  the  following  ezpreasiona  for  the  kinetic  enei^  and  work 
function  in  a  transparent  isotropic  medium : — 


Here  dV  denotes  an  element  of  volume,  p  is  the  density,  ffjf  the  displace- 
ment, {fgh)^  —1  curl  (fi??).  c  a  constant  that  will  prove  to  be  the  velocity  of 

light  in  free  ether,  whereas  ft  will  be  identified  with  the  refractive  index. 

The  dynamical  equations  and  boundary  conditions  are  most  simply  obtained 
from  the  Principle  of  Action,  which  makes 

We  have  «  f(T-W)<ft  =  sf  [pCf«f-c*/iV?/)  ^tdW. 

The  term  containii^  fif  in  the  variation  of  SW  is 

where  {l,  m,  n)  are  the  direction  cosines  of  the  outward  normal  to  the  bounding 
surface  S. 

Picking  out  the  coefficient  of  S^in  the  variation,  we  get 

and  the  surface  conditions  require  p^  {ng—mk),  p<?(Ui—nf),  p<?  {mf—lg),to 

be  continuous.    The  displacement  {^^  must  aleo  be  continaous  to  avoid 

VOU  LXXVL — A.  E 
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ruptui-e  of  the  medium.  We  aball  take  />  to  be  continuous,  and  if  the  surfaee  of 
separation  between  different  media  be  x=co&Btant,  the  boundary  conditions 
are  satietied  when^,A,  (,ii,^are  continuous.  These  boundary  conditions  com- 
bined with  three  dynamical  equations  of  the  type  (1)  wilt  suffice  to  solve 
completely  the  problem  of  the  refiection  and  refraction  of  light  at  the 
boundary  of  two  transparent  iAotropic  media.  We  take  {/,9,h)  to  represent 
the  light  vector,  and  if  we  wish  to  interpret  results  in  the  language  of  electric 
theory,  we  identify  if'9>  ^)  ^i'h  the  electric  displacement,  and  take  (  ^  ^  pro- 
portional to  the  m^netic  force. 

We  shall  first  consider  the  case  of  an  abrupt  transition  from  one  medium  to 
the  other.  The  surface  of  separation  is  x=Q,  the  plane  of  ity  is  that  of 
incidence,  so  tjiat  everything  is  independent  of  z. 


(1)  Vibrations  (of/,  g,  K)  parallel  to  the  plane  of  incidence ;  so  that  ((n^ 
is  at  right  angles  to  this  plane. 
Thus  f  —  0  =  7j ; 

^  =  ^-«,««*.+»tfnw/v,  (incident) 

+  re*«-«'~.«'+».i»«'7.  (reflected); 
fj  =  & .  se*p.-i<*™*.+rrt»  w/v^  (refracted). 


The  boundaiy  conditions  require  the  exponential  factor  to  be  the  same  for 
all  values  of  t  and  y  when  x=0 ;  thus 

sin  ^/V(,  =  sin  ^'/V^  =  sin  ^/V,, 

whence  ^'  =  180°—^  which  is  the  law  of  reflection ;  and  sin  ^V^ssin  ^/V), 
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which  is  the  law  of  refraction  for  V  =  c/fi  in  order  that  the  dynamical 
equation  (i)  for  S  may  be  satisfied. 

Thus 

/o=  -i£8in^[e"'(  -l  +  r^*--)];        /^  =  -iC-ein^,  [»*'■■■>]; 

5i,=  _!E.coB^J(*<-  ■»-re'H--)];        J,,  =  ie  COS ^[«^ <■■■)]. 

"ft  ''ft 

These  represent  waves  (of  /,  g,  k)  whose  amplitudes  are  in  the  ratios  1 :  r :  & 
The   bonndary  conditions  give   l  +  r  =  /»,/^»;   cos  ^  (1— r)=«coB^,; 
whence,  remembering  that  ^q  sin  0o  »  /i,  sin  ^,,  we  get 

^_  tan  (00-^)    ^jjj     J  -  2  ain  ^1  COB  00 

tanCV»o  +  *i)  8inC^  +  <^)cos(0o-<^,)' 

2.  Vibrations  (of/,<7,&)  perpendicular  to  the  plane  of  incidence.  In  this 
case  it  is  convenient  to  introduce  a  new  vector  {^',-rf',l^),ot  which  (|,  i;,  {!)  is 
the  curl 

/=0;     i;  =  0;      A  =  ~ijV»r- 
Take  f',,  =  <*'-*('™*i*»'^''«/v,+r'((pi+iCjoot#,-»iiDW/v, 

Then  the  amplitude  of  the  incident,  reflected,  and  refracted  waves  (of  /,  g,  h) 
are  m  Uie  ratios  1 :  r' :  s'. 

fo=-^ftsm^[«*(-->+r'e*<--'];        f,  = -^  Mi  sin  *i  [<'«**■■>]; 
,o=-^ftcoe^[e*(-  ■>-r><-  ■»];  ij^  = -^^ C08^[i'«*(-->]. 

The  boundary  conditions  give  l+r'=»';  ^cos0(,(l— r')  = /t,co8^s', 
whence 

/  =      8^(^-^)    and    «'  =  26in^cos»o 
sm(0o  +  ^)  Bin(^  +  ^) 

If  the  incident  light  is  plane  polarised  at  au  azimuth  of  45"  to  the  plane  of 
incidence,  then  the  amplitudes  of  the  incident  light  are  equal  for  the  vibra- 
tions paraUel  and  perpendicular  to  the  plane  of  incidence.  After  reflection 
and  refraction  the  amplitudes  will  no  longer  be  equal    Let  e,  be  the  ratio  of 
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the  amplitude  of  the  reflected  light  polarised  parallel  to  the  plane  of  incidence 
to  that  polarised  at  right  angles,  and  let  e,  be  the  same  ratio  for  the  refracted 
light.  Then  e^  and  c,  are  the  "  coefBcients  of  ellipticity  "  of  the  reflected  and 
refracted  light,  and  we  have : — 

r  _  _coa(^+0.)    ^^j  1 

r  cosC^-^i)  coe(^o-^) 

The  formalse  for  r  and  r'  agree  with  those  of  Fresuel.  They  make  «i  vanish 
when  &0+  6^  =  0,  i.e.,  when  0^  =  tan~*/t,//i„  the  polarising  angle ;  and  they 
indicate  a  sudden  change  of  phase  of  180°  (half  a  wave-length)  at  this  angle. 
Experiments  show  that  these  formulae  represent  the  fact«  very  well  as  far  as 
the  ellipticity  is  concerned,  except  in  the  neighbourhood  of  the  polarising 
angla  It  is  found,  however,  that  e,  is  sensible  at  all  angles,  although 
smallest  at  the  Brewsterian  angle,  and  that  the  change  of  phase  does  not 
occur  suddenly,  but  enters  by  degrees.  The  explanation  of  this  departure 
&om  Fresnel's  formula  was  long  ago  ascribed  to  a  gradual  rather  than  an 
abrupt  transition  from  one  medium  to  the  other.  This  suggestion  was  strongly 
supported  by  Rayleigb's  experiment  on  reflection  from  water  having  its  surface 
artificially  cleansed,  and  by  the  observation  made  in  1899  by  Crude  that  the 
ellipticity  of  the  polarisation  of  the  reflected  light  in  the  case  of  a  freshly 
split  surface  of  rock  salt  is  very  small,  but  that  it  rapidly  increases  on 
standing.  It  seems  probable  that  Fresnel's  formulae  are  rigorously  applicable 
to  the  ideal  case  of  an  abrupt  transition  between  two  isotropic  transparent 
media,  and  that  the  departure  from  these  formulae  ts  due  to  the  tact  that  in 
most  experiments  there  is  what  has  been  called  a  "  layer  of  transition  " 
between  the  media.  The  mathematical  treatment  of  the  problem  of  the  layer 
has  been  undertaken  by  various  writers — amongst  others  Lorenz,  Van  Ryo, 
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Van  Alkemaade,  and  Bnide  on  the  Continent,  and  in  England,  in  an  illustra- 
tive way,  by  Lord  Bayleigh,  and  systematically  by  G.  A.  Schott*    Schott's 
*  '  Hill.  Trans.,'  A,  1894,  pp.  8  S3  to  886. 
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analysis  is  hmg  and  complicated,  and  leads  him  to  results  which  do  not 
coUigate  the  experimental  facta  any  more  cloaely  than  very  much  simpler 
foimolae  that  can  be  obtained.  Drude's  investigation*  is  more  direct,  but 
from  a  mathematical  point  of  view  bis  analysis  leaves  something  to  be 
desired,  since  he  treats  certain  quantities  as  "  approximately  constant "  merely 
because  they  are  continuous,  and,  further,  because  in  proceeding  by  approxi- 
mation he  gives  DO  indication  of  the  magnitude  of  the  terms  n^eoted. 

Take  the  variable  "  layer  of  transition  "  to  extend  from  x  =  0  to  a;  =  (2  and 
to  be  continaous  (as  r^ards  /*)  witii  the  media  bounding.    In  the  layer  ^  is  a 
fonctaon  of  x  only.    It  will  be  convenient  to  pat  /i^  sin  ^  =  /i,  sin  ^  =  v, 
>.oOoe^  =  j(o.        >»iCoe^  =  «,. 
(1)  Vibrations  paraUd  to  the  plane  of  incidence  (ef.  p.  60). — 
In  the  layer  5"=  ««*('-■»/'>  where  u  is  a  function  of  x  only, 

ft'  3y  cft' 

ft^dx  II?  dx 

Ite  equation  for  S  (see  (i).  P-  '*9)  is  *  =  c»  /^_sV 

Put  xfd  ~  x^  and  d^  =  pd/c  =  2wdf\na  =  2irrf/Xi^,  and  wo  get 
d  f  i-  du\      ,./.      i^\ 


AiV^^^^i'-^)-"-  <"' 


This  eqnatitm,  of  course,  cannot  be  solved  completely  untdl  we  know  /t*  as  a 
function  of  x  (and  therefore  of  :e,),  ie.,  until  we  know  the  law  of  variation  of 
ft  in  t^e  layer.  However,  in  all  cases  to  which  we  shall  apply  the  solntion,  (f , 
is  a  small  quantity  (as  will  be  shown  later),  and  we  can  thus  solve  (ii)  by 
approximation8.t  We  get  a  first  approximation  by  n^lectiog  d*,  so  that  (ii) 
becomes 

^(l*i)  =  0,       whence        A^i  =  B, 

and  «  =  A  +  Bp^'rfxi  =  A+B/t»M, 

where  M  is  a  functiou  of  Xy 


*  "  Lefarbnclk  der  Optik,"  Tiutul.  Muin  and  WillilrMii  p.  288. 

i  [A  somewhat  BimiUr  analyss  has  been  employed  by  L.  LotokE.— jS«c] 
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Ab  a  next  approximation,  put  u  =  A+B/*'M+di*»,  and  the  equation  for 

Integrating,  we  get 


MtJfc,. 


where       /**M,  =  p/i'Mjiiri;        ^=r'l.^ds^;        M,  =  (' 

A  second  integration  then  gives 

D + A/i*  (3i  M  -  M,)  +  B/t*Ms  -  Ai.>M,  -  Bi;»/t'M,  =  0, 
where     M,  =  ["jlida;, ;         Mj  =  [''Mgdlr, ;         ^»M,  =  ^^^?U^dx^. 

When  X]  =  0  all  the  M's  are  zero,  and  when  x^=  1  ve  have 
M  =  E;    Mi=H;    Mg^F;    M.  =  J;    M(  =  K;    M,  =  L;    M,=  N; 
where  E  ...  N  are  constants  depending  en  the  law  of  distrihution  of  /»  in  the 
layer. 

Thna,  when  a^  =  0  we  have 

w  =  A ;         dufdx^  =  B/i„' ; 
and  when  ^r,  =  1, 

«  =  A  +  Bft»E+rfi*tA{Mi'H:^+v»L} +Brt*(v*N-^«Kn; 
dv, 

The  boundary  conditions  give 

A=l+r;        B=  ^id^p^^  .{\-t), 
M,/^.«=  A  +  Brt»E+rf,'[A{;t,»H-E  +  i/»Lt  +  B^i' (^-m,>K)  ] 
-^«^//^.5  =  BrtV^  +  rf,[A(.^F~ft»)+BrtM-^J-ft'H)]. 
Eliininatitig  A  and  B  from  these,  we  get  two  equatione  to  det^nniiie  r  and  t. 
It  will  appear  later  that  Id  most  cases  we  can  safely  neglect  terms  coutAining 
di  and  higher  powers  of  (2,.    If  we  do  this  we  get 

«,ft/fti->+'-tft'/rf-«.-*<'i('''r-ft')]  =  icjj^'li^'+<d,{^Y-i^<y 

=  2«^/«i((«i  +  «(rt'/rf)+«i(E«.«,Ci'/fti'+ft'-'^l'')l^.     to  our  order 
=  &-*,  •" 
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tano-  =  'S'l'l'W+yi'-'^^A. 


Thus  (to  this  order)  the  amplitude  is  the  same  as  in  the  .deal;.cas«  of.  an 
abrupt  transition ;  but  there  is  a  small  change  of  phase.    Similarly 

^  _  ■w.'/rf-nrf.c^r-;^')-.,  (i-i^,.„Eft'/V) 

«,(l  +  i.i,«„E,x,>/V)+/'l''o/fti'-«^(«'r-ft') 
=  Re-*, 

txeept  at  the  polariBiiig  angle,  where  K^lfi^~K^  =  0,  and  we  have 
p  =  W2      and      R^Ey^'K+f^-Mi'rf,, 

Here  again,  iq  the  general  case,  the  amplitude  is  (to  our  order  of  approxi- 
mation) the  same  aa  that  given  by  Fresnel's  formula,  but  there  is  a  nmall 
change  of  phase  depending  on  d^.  The  most  marked  departure  from  Fresnei'a 
formula,  iiowever,  occurs  at  the  polarising  angla  In  that  case  R  does  not 
vanish  aa  Fresnel  gives,  but  there  is  a  small  amount  of  residual  reflected  light 
and  the  change  of  phase  is  n-/2  (a  quarter  wave-length). 

At  the  polansing  angle 

(2)  We  shall  consider  in  a  similar  way  the  case  of  vibrations  ptrpmdicuiar 
to  the  plane  of  incidence  (</.  p.  61). 

In  the  Uyer         f  =  im*!'-*/')  ;  ^  =  7,'  =  0; 
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These  equatioiiB  are  aatisfied  if  ?'—- ^VT  =  O-  Hence 

g+5(>*'— V  =  0.    or  ^+d,V-'^)«=0 (m> 

Solving  (iii)  by  apptoximationa,  we  get  first  dhifdx^  s  0,  bo  that  m  =  A  +  BiCi 
and,  as  a  second  approximation, 

«  =  A  +  Ba!i+rfi*p,     where     rf»ii/(&i'  +  (^»-r»)(A  +  B!Ci)  =  0  ...  (iv>. 

Now  [x^*dx•^=Xy^L^l^-[fJ?Udx^  =  /*»(a:,M-Mi). 

Hence  on  int^rating  (iv),  we  get 

^  =  r*(Ax,  +  iBa:,*)-/*«(AM  +  BciM-BM,) 

and  V  =  v»(Afl:i«+Rcj»)-/*»(AM,  +  BiiM,-2BMj), 

where  /t^Vj  =  I  V'Mjiici. 

When  3\  =  0,  M,  =  0,  and  when  a^  =  1,  M,  =  G.    Thus  we  have 
when  a,  =  0,  it  =  A ;     du/dxi  =  B ;  . 

and  whenxj  =  1, 

«=  A  +  B+rf,»ti^(JA  +  iB)-/*iHA  +  B.H-2BG)]; 
dw/<ic  =  B+rf,*[i^(A  +  iB)-ft'(A  +  B.E-BH)]. 
The  houndary  conditions  give 

A  =  1  +  7-';         B  =  -idjKoil-r'); 
«'  =  A+B+rfi»[«^(iA  +  iB)->,«(A+B.H-2BG)] 
-«;,«/=  B  +  <^*['^(A  +  iB)-rt»(A  +  B.E-BH)], 

Eliminating  A  and  B  from  these  equations,  we  get  two  equations  to  determine 
r'  and  «',    It,  as  before,  we  retain  only  the  first  power  of  rfj,  we  get 

s'  -r'  [1  +td,Ko]  =  1  -«<i«o ; 
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Thna 

=  2«./l<«.<-«i)+ii,(«o«i  +  Eft'->'» 
where  '  s' =-i5i_  =iiHL4l2a4), 

«0+«l  M''C*»  +  *l) 

.ud  to,T'  =  'Vl  +  ^'— '. 

where  R'  .  -a=S  -  -°j°  <»!-»») 

and  tenp-=  rVl  +  '^ft'-'^+'»«l-^'^'  +  'n.ii 

«i'-'o'      .  «'-rf 

As  before,  the  amplitude  is  the  same  as  that  given  by  Frasnel,  but  there 
is  a  small  change  of  phase. 

If  A,  be  the  difference  of  phase  between  the  parallel  and  perpendicular 
TibratioQS  for  reflection,  and  A,  that  for  refraction,  we  have 

tan  A,  =  Uai{p—p')  =  tan/>— tanf)',  since  f>and/)'  are  smalL 

tan  A,  =  tan(ff— ff')  =  tan<r— tano-'. 

except  near  the  polarising  angle,  where  f>  =  n-/2  and  ^i  =  wf2—p'. 

The  above  resulte  show  that  e,  and  Cj  are  the  same  as  given  by  Fresnel's 
formulse,  except  in  the  neighbourhood  of  the  polarising  angle  when  Cj  is  not 
zero,  but  is  very  small.    At  the  polarising  angle  we  have 

We  see  from  this  that  e,  is  a  maximum  along  with  fi'+^-^-if^,  i.e.,  when 
fi*  —  Ho/ii.    If  fi?  had  this  value  throughout,  we  should  have 

2  rt+/*u 
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This  enables  us  to  obtain  an  upper  limit  for  the  value  of  dl\  neceeaar;  to 
produce  the  observed  ellipticity  at  the  polarising  angle.  Taking  Kuiz'a 
experimente  on  reflection  from  gUsa  into  air,  we  have  /i,  =  1,  /i,  =  l'S963, 
<,  =  Ian  1°  58'  =  00.344.  This  gives  dl\  =  0-0025  and  <f,  =  0-0159. 
With  Jamin's  ezperimente  on  reflection  from  diamond  into  air  ^  =  1, 
l^^  =  2-434,  e,  =  Uu  1°  21'  =:  04236,  which  gives  d/X,  =  0-0074  and 
(fi  =:  00464.  In  the  case  of  glass  d^  is  about  one-hundredth  of  «,,  while 
with  diamond  d^  is  about  one-tenth  of  E|.  In  the  latter  case  it  would  not  be 
aatiafactory  for  accurate  work  to  neglect  d^  in  the  determinatiou  of  the 
ellipticity,  so  that  it  ma;  be  advisable  to  conduct  the  calculations  to  a  higher 
order  of  approximation,  retaining  d^. 

We  have 

ft/^...-r[l  +  irf,^ftVft,'  +V(VH^-l-«^)] 

=  1  -  ii,<„E  ft Vft,' +  if,"  (/^'irrE  +  i^L) ; 
'1  ft/ft  ■ '-K- W«bW -i'i(«'F-ft') +ft</rf - 'Wii'(»'J-/h'H)) 

[l-i<f,«i^V/^.'+<i,'(ft'H=E-l-«>L)] 
l'.-^l^'ll^'  ■  (.'F-ft')+^'  (.'J-ft'H)] 
4-[l+ii,«iEftVrf-K'i'(».'H-E+«'L)] 
.  ,-ft         h-fi^y.Vft'.(>'F-ft')  +  .rff,'(.^J-ft'H)1  , 


_      2iw^/>„.[l  +  ii,'(.:'L4.J  +  EH-2Eft')1 
('I  +'Wi'//-.')+^  (--■F+ft'+EviV/ft,') 


.     2W«L^r, 


% 


l-Kf,V  »'(L-l-J  +  EH)-2Eft> 

(Kv,c,'W-''^-^>'.')+2(«.+wV/^,')l«.(ft'ff^-t>«.) 

+  iw,'/ft,'(»'J-y,'HM 
" "  "-((ti  +  XoftVA)*)* 

a„„  >Vift'W^ft;-'Fj.. 

«i+«rfh//Hi 
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Similarly 

«»i^*W+*'^(''F-ft')+ft7ft.W,'(»'J-ft'H) 

(-i+ft'//'»'«o)+^(->'f  +  ft'+Ev,ft'//..') 
+d,'[.,WH-E  +  .*L)+..^,V;,„>.<«'J-;^'H)] 

where 

'  +Wft*/ft'-«,')(''J-I-+ft'E-2H)  J 

£ca!^  at  the  polarising  angle,  where 

.  =  !-<'._ 

C-wx,'/ft,' .  (.'J  -  ft'H)  -  «,  (ft  "H  -  B + i/'D]  («,  +  «<rt'/0 

...  e  =  rf, -t.r(v,EftVy-(ft--^F)'] 

2ft'[J-2H-L)  +  ft'(E-2H)]+B'ft' 


For  vjbrotione  perpeodicalar  to  the  plase  of  iiicideoce,  we  have,  io-  like 
manner, 

[l-ii,«.-rf,'(Hft«-^/2)]t«.+i<i,(Eft>-^)+«A'(''/2+ff^^')] 

+  [l  +  «f,«„-i,'(Hft'-^/2)]         

^_  »<h-^,(B>,«+.^)  +  iwi,'W2  +  H-E^')] 

«l,+«i,(Eft'-'')+'W'i'(»'/2  +  H-Eft»)+<,[l+iiJ,«,-.J,'(Hft'+./'/2)] 

^  2«j^ _^ 

(«,  +  .,)+i<i,(«rt  +  Eft'-.»)  +  ^'t«o  +  'ii'/2-ft'(B«.+  H«,-«o)] 

where 

«.+«,  L'     2(«.+«,)> 

|(«o«,  +  Eft>-i,>y'  +  («,+«,)(^;+;^.,/'-2ft>-E«„+H«,-H«.)|] 
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[«„-ii,(Eft'-i^)+«A'(«'/2  +  H=K^')] 
(««+«i)+«<'i(«o'i  +  Eft'-.')        

(.i-«,)-ai(«,.i-Eft'  +  i^)         

+  J,'  [(.,-«.)  »'/2-)t,'(E..-H . «,-.,)] 

(«,  +  »o)+>i<,<v,+  Kft"-i')       ^^ 

+i,'[(.,  +  .,)i/'/2-ft-(E«.  +  H<,-«.)] 

where 

p-  _  '.-«i.ri  I   a-^iii' 

|V«|*+(B*,'— ')'+ft'(E-2H)(.,>-V)-<Eft'-^(.,'+V)}]. 

K,d  tan/  =  <(,  rML±Sfa!=if+a,fi=la!±iq 

'  L        «i  +  «o  «i— «{i        -I 

It  mil  be  observed  that  the  retardaUona  of  phase  (/>,  p',  a,  i/)  are  the 
eame  aa  to  the  first  approximation,  except  that  at  the  polariemg  angle 

p  \a  ^-Sinsteadof  ^. 

Oa  examiniDg  the  various  formulae  thus  obtained,  it  becomes  apparent  that 
it  will  not  be  possible  to  calculate  the  constAnta  d^,  E,  F,  etc,  so  as  to  fit  in  with 
experimental  reenltB  with  much  sccura<^.  Of  the  quantities  depending  on  , 
these  constants  it  is  onl;  Cj  (the  ellipticity)  and  p  the  retardation  of  phase 
ttiat  are  la^  enough  to  be  measured  with  accuracy,  and  even  with  these  the 
departure  from  Freeuel's  formulae  is  appreciable  only  within  a  few_  duress  of 
the  polarising  angle.  Hence,  instead  of  applying  these  results  directly,  we 
shall  derive  from  them  much  simpler  formulse  for  cj  and  p — formulas  which 
involve  only  a  single  arbitrary  constant,  and  which  colligate  the  experimental 
teaulte  well  within  the  limits  of  errors  of  observation.* 

In    the  expression  for  tan/>  the  factor  2  (Ek,^-i-Fi^— /*,')  is  equal  to 
— /ti»[(F-E)  cos  2^  +  (2— E— F)].    Now  F— E  is  not  very  large,  for  F 
cannot  be  greater  than  n^,  nor  E  leee  than  Xtfi^.    Thus  for  a  variation  of 
*  See  the  graphs  on  pp.  64-5. 
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a  few  degrees  in  ^  the  expreesion  (F— £)  cos  2^  is  practically  oonjit&nt. 
Patting  4(2j  [(F—E)  cos  2^  +  2-E— F]  =  e,  we  have  these  simple  tormuhe 
for  ^  and  Cj — 

<sin*^cos^ 


trtn/)  =  - 


>2(*o  +  *i)»'ii2(*,-*i>' 


(A) 


c.  -  lm.u  -  '',  -      'i"(^  +  »i)x/(co8,»„-ft,/,^.cos»,)'+(./8y       ,„ 
E  sm(^-^)  co«4+(i„/ft.coB^ 

If  we  put  r  =  x—iy  =  Be"''',  then  wc  have  very  approximately, 


=  """(fl-fl)    (therofFiesnel). 
t»'i(*o  +  *i) 


e. 


««^+ft)//*l-«»^l 


(0) 


Tlie  denominator  in  y  will  vary  very  little  throughout  a  considflraWe 
range  on  each  side  of  the  polarising  angle,  so  that  thronghoat  this  range 
y  will  he  very  nearly  constant.  Hence,  if  we  draw  a  graph  to  reptvsent 
the  amplitude  and  phase  of  the  reflected  light  (the  vibrations  tein^  parallel 
to  the  plane  of  incidence),  we  get  very  approximately  a  straight  line 
parallel  to  the  axis  of  x,  and  all  the  points  of  departure  from  Fresnel's 
formulse  are  indicated — as  regards  both  amplitude  and  phase — by  the  slight 
shifting  of  a  straight  line  from  the  axis  of  x  to  a  parallel  position.* 

We  shall  apply  these  formulae  to  the  case  of  reflection  and  refraction 
where  the  media  are  diamond  and  air,  and  compare  the  theoretical  results 
with  Jamin's  experiments  on  reflection  with  these  media. 

We  have  /ig  =  1 ;  ^j  =  2-434 ;  the  polarising  angle  is  67°  40'. 

Taking  e  =  0105,  we  get  the  following  table  for  the  ellipticity  in  the 
neighbourhood  of  the  polarising  angle,  the  theoretical  value  being  calculated 
from  the  formula  B,  above : — 


ft- 

Tbeatj. 

DiffOMDM. 

^. 

Bxp»in«iL 

Diff««oa. 

W    0 

-8  a 

-1    9 

+  il 

0-00883 

0  00803 

-0-00031 

as  30 

-2  31 

-a  S8 

+  2 

0-0016B 

0-00178 

-0-00006 

67    0 

-1  4S 

-1  46 

0 

0-00008 

0-00098 

0 

87  30 

-1  26 

-1  33 

-  8 

0-00061 

0 -110067 

+  0-00004 

6B    0 

+  1  80 

+  1  30 

0 

0  00068 

0<K»68 

0 

68  ao 

+  2    2 

+  2    3 

-  1 

0  00136 

0-00188 

-0-00003 

60    0 

+  2  34 

+  2  57 

-38 

0-00800 

0-00266 

-0-00066 

*  Se«  graph,  p.  66. 
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Outside  of  this  range  the  ellipticity  is  given  sufficiently  aoourately  by 
FresDei's  formula,  as  the  following  table  will  show : — 


h- 

(I^l). 

DiffemiM. 

(S^). 

Eipariineat. 

Different. 

<» 

-11  m 

-11  86 

-'l 

0-04818 

O-O4308 

+  0-00011 

ei 

-10  la 

-10    1 

-11 

0-08888 

0-08130 

S2 

-  848 

-  8  18 

-80 

0-03897 

0-03188 

+  0-00809 

68 

-  7  21 

-  7  M 

+  16 

0-01664 

0-01780 

-0  -00116 

U 

-  6  60 

-  6  40 

-  4 

0 -01048 

0 -01(00 

+  0-00020 

«s 

-  4  17 

-  480 

+   8 

0  00661 

0-00674 

-0-00018 

TO 

-4-4    0 

+  4  11 

-11 

0-00*89 

0-00686 

-0-00046 

-  6 

0-01026 

0-01068 

78 

+   7  SB 

+  744 

-  » 

0-01772 

0-01844 

-0-00072 

78 

+   086 

+  946 

-21 

0 -02761 

0-03908 

-0-00818 

74 

+  12  18 

-66 

0-08998 

0-04688 

7S 

+  18  18 

+  18  80 

-17 

0-06616 

0-06768 

-0-00846 

The  following  table  gives  the  retardation  of  phase  p  calculated  from  the 
formula  (A)  of  p.  61.  The  column  headed  "  p "  gives  the  retardation 
expressed  as  an  angle,  that  headed  " pJ-t"  gives  the  retardation  in  fractions 
of  the  half  wave-length : — 


f^ 

(•■ 

p/». 

.. 

P- 

fl'- 

»b 

?lV 

0-0406 

&    b 

118  ]» 

0-6248 

61    0 

8  14 

0-0467 

68  80 

186  60 

0-7644 

02    0 

0  38 

0-0687 

69    0 

149    0 

11  14 

0-0034 

70    0 

»4    0 

13  66 

0-0772 

71     0 

187    8 

0-9888 

66     0 

18  SO 

0  1028 

7a    0 

170  19 

0-9468 

66    0 

87  46 

0-1644 

78    0 

178  81 

0-9670 

66  SO 

86  27 

0-2081 

74    0 

178  48 

0-9664 

67    0 

61  40 

0-8877 

76    0 

174  60 

0-9709 

67  80 

78  80 

0-4881 

If  "Bs'**  =  x—iy,  we  have  the  following  values  of  x  and  y  calculated  from 
the  formula  (C)  of  p.  61 :— 


^ 

*. 

*• 

**■ 

X. 

y- 

60 

0  -1814 

0-01081 

& 

-0-0071 

0-01727 

81 

0  1168 

0-01689 

69 

-0  0387 

0-01738 

68 

0-lOlfl 

0-01096 

70 

-0-0614 

0-01786 

0-0868 

0-01704 

71 

-0-0754 

0-01783 

0  -01710 

-0-1007 

66 

0-0618 

0  -01716 

78 

-0-1347 

0  ■01974 

0-0888 

6-01788 

74 

-0-1686 

0-oieos 

67 

0-0186 

0-01736 
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It  has  been  remarked  before  that  the  constants  <j,,  E,  F  cannot  be 
determined  very  accurately.  We  have  seen  that  d^  is  less  than  0'046. 
Farther,  we  have  efSdi  =  1— 0'S616£— 0144F,  and  since  E  and  F  muBt  be 
poaitive,  we  must  have  e/8(j,<l,  so  that  d^>e/8.  If  e  =  0*105,  this  gives 
<2, >0-013,  so  that  <fi  must  lie  between  0013  and  0046. 

We  shall  take  E  =  0-5,  F  =  18,  dj  =  00412,  and  calculate  p',  a,  and  <r' 
Imfn  (he  formuke  of  pp.  65  and  57. 


*»■ 

~v. 

c'. 

— /-. 

^/». 

-»,-(»'-»)/«. 

& 

112 

0    0 

0-0067 

0-0S88 

61 

1  18 

6    8 

0  0068 

0<I888 

0-0404 

63 

6    S 

0  0069 

0-0SS8 

0-0407 

68 

1  16 

6    8 

0-0070 

0-0841 

0-0411 

6« 

1  IS 

6  10 

0  0072 

0-0842 

OS 

1  19 

6  18 

0-0078 

0-0846 

0-0418 

66 

1  21 

6  16 

0-007B 

0-0S48 

0-0428 

67 

1  S8 

6  18 

0-0077 

0-OSGO 

as 

1  as 

a  21 

0-0079 

0-0362 

0-0481 

69 

1  26 

624 

0-0080 

0-0866 

0-0436 

70 

1  28 

6  28 

0-0083 

0-0869 

0-O442 

71 

6  29 

O'OOes 

72 

1  82 

682 

0-0086 

0-0868 

0-OM8 

78 

1  85 

6  SS 

0-0088 

o-osee 

0-0464 

6  88 

0-0091 

76 

140 

641 

0-0092 

0-0871 

0-0468 

The  following  table  gives  the  value  of  />'  and  the  difference  of  phase  A^ 
(expressed  as  a  fraction  of  the  half  wave-length)  between  the  parallel 
•ud  perpendicular  vibrations,  compared  with  Jamin's  observations  on 
reflection : — 


*»■ 

/- 

/;«. 

Theory. 

..p.^^ 

DiflenoM. 

&  b 

136 

0-0078 

0-0838 

0-082 

+0-0008 

61    0 

1  28 

0-0076 

0-0881 

0-043 

-0-0080 

62    0 

1  ao 

0-0074 

0-04SS 

0-047 

-0-0049 

63    0 

1  17 

0-0071 

0-0668 

0-063 

-0-0077 

64    0 

I  14 

0-0069 

0-078 

-OiXIS7 

66    0 

1  12 

o-ooe? 

0-0961 

0  106 

-0-0069 

1     9 

0-0064 

0-1480 

0-166 

66  80 

1    8 

0-0068 

0-ioas 

0-303 

-0-0063 

67    0 

1    7 

0-0061 

0  2S16 

0-388 

-0-0064 

67  SO 

1    6 

0-ooeo 

0-4801 

0-487 

68    0 

1    4 

0-OOB9 

0-6184 

0-640 

-0-0216 

68  80 

0-0068 

0-7486 

0-769 

-0-0304 

69    0 

1    1 

0-0066 

0-8231 

0-826 

70    0 

069 

0-0066 

0-8911 

0-897 

-0-0069 

71    0 

056 

0-0063 

0-9281 

0-928 

-0-0049 

72    0 

0  68 

0-O06O 

0-9406 

0-940 

+  0-0006 

78    0 

060 

0-0046 

0-9624 

0-948 

74    0 

0  4/T 

'     0-0046 

0-9609 

0-966 

+  0-0069 

76    0 

044 

0-0041 

0-9668 

0-963 

+o-oo« 
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On  the  Rdatioii  bettoeen  Varnations  of  Atmospheric  Pressure  in 

North-East  Africa  and  the  Nile  Flood. 
By  Captain  H.  G.  Lyonb,  Director-CreDeral  Survey  DepartmeDt  of  Egypt. 

(Communicated  by  Dr.  W.  N.  Shaw,  P.R.S.,  by  permission  of  Sir  W.  E.  Garstin, 
G.C.M.G.,  Adviser,  Public  Works  Ministry.  Received  December  17,  1904,— 
Be&d  February  2,  1905.) 

[Plate  1.] 

Introductory. — The  relation  of  pressure  variationa  to  precipitation  and  the 
similarily  of  bhcIi  variationa  over  wide  areas  have  been  studied  by  several 
investigators. 

In  presenting  the  evidence  of  variation  of  climate,*  Bruckner  has  shown 
that  in  every  period  of  greater  rainfall  there  is  a  reduction  of  the  differences 
of  atmospheric  pressure  between  stations,  while  in  every  dry  period  there  is 
an  increase,  and  these  variations  occur  both  in  the  differences  of  pressure 
between  one  station  and  another,  and  between  different  seasons. 

Sir  N*.  Lockyer  and  Dr.  W.  J.  Lockyer  have  discussed  periodic  variations 
of  pressure  in  a  series  of  communications  to  the  Eoyal  Society ,t  wherein  they 
point  out  that  these  variations  of  pressure  over  the  Indian  Ocean  and 
neighbouring  regions  are  inverse  in  character  to  those  which  occur  in  the 
American  area,  while  certain  other  regions  are  intermediate  in  type. 

Dr.  F.  H.  Bigelow  has  recently  dealt  witlit  the  synchronism  of  the 
vaiiations  of  the  solar  prominences  with  terrestial  atmospheric  pressures, 
and  concludes  that  "  the  phenomenon  of  inversion  prevails  in  the  earth's 
atmosphere,  localizing  the  effect  of  solar  action  in  two  typical  curves  which 
are  the  inverse  of  one  another."  The  distribution  of  his  direct,  indirect,  and 
indifferent  types  agrees  closely  with  that  published  by  Sir  N.  Lockyer§  in 
his  paper  "  On  the  Behaviour  of  the  Shoi-t-Period  Atniospheric  Pi-essure 
Variation  over  the  Earth's  Surface." 

In  1895,  Sir  J.  Eliot  pub1ished||  a  preliminary  discussion  of  oscillatoiy 
changes  of  pressure  in  India,  and  showed  thatT  well  marked  oscillations, 
having  a  period  of  more  than  a  year,  occur  over  the   Indian  area,  and  are 

*  '  KliiDUchwuikiuigen,*  Tionna,  1890,  p.  SIS. 

t  "  On  tome  Fhenamenk  which  suggMt  »  Short  Period  of  Solar  tod  MetoonilogiotU  Ohkngee," 
'  Boy.  Soo.  Proo.,'  toI.  70,  p.  601. 
t  '  Honthlj  Weather  Renew,'  IToTember,  lOOS,  p.  600. 
S  '  Boj.  Soo.  Proc.,'  Tol.  7S,  p.  467,  1804. 
II  '  IndiMi  Heteorologioal  Memoin,'  toI.  6,  Part  II. 
%  Ijoe.  at.,  p.  117. 
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directly  related  to  the  character  and  diatributioo  of  precipitatioD  over  the 
Indian  monsun  area,  and  to  the  great  atmospheric  movements  over  India. 
Kecentlf,  Professor  J.  Hann  has  studied*  the  relation  between  the  variations 
of  pressure  in  Iceland  and  the  weather  conditions  in  north-western 
Europe. 

(^ect  of  the  PreseTU  Paper. — The  object  of  the  present  paper  is  to  show 
that  similar  pressure  anomalies  stand  in  close  relation  to  the  excess  or 
deficit  of  the  monsun  rainfall  of  Abyssinia,  and  consequently  to  the  Nile 
flood,  which  is  the  direct  reault  of  the  Abyssinian  rainfall.  Until  recently, 
the  problem  has  been  complicated  by  the  assumption,  based  on  the  disch&i^ 
measurements  of  Linant  de  Bellefonds  and  others,  that  the  volume  which  the 
White  Nile  contributed  to  the  flood  was  not  very  greatly  inferior  to  that 
furnished  by  the  Blue  Nile,  and  consequently  the  rainfall  of  the  basin  of  the 
White  Nile  and  its  tributaries  must  be  considered.  Now,  however,  it  is 
known  that  the  volume  of  the  White  Nile  is  held  back  by  the  Blue  Nile 
when  in  flood,  and  the  supply  it  furnishes  is  practically  negligible  until  the 
discharge  of  the  Blue  Nile  falls  below  3000  or  4000  cubic  metres  per  second, 
that  is  about  October.t  It  is,  therefore,  the  meteorological  conditions  on  the 
Abyssinian  plat«au  which  determine  the  rainfall  which  supplies  the  whole  of 
the  annual  Hood  of  the  Nile. 

A  discussion  of  all  available  data  concerning  the  Abyssinian  rainfall}  shows 
that  the  distribution  of  rain  in  the  difl'erent  months  of  the  summer  is  approx- 
imately as  follows : — 

June.  July.  August.        September. 

North  of  lat.  9°  N....     16  per  cent.     30  per  cent.     30  percent     15  per  cent. 

Southof  lat.  9°N....      6        „  30       „  30        „  25 

the  remaining  10  per  cent,  falling  in  March,  April,  and  May.  As  the  flood 
wave  caused  by  rainfall  in  the  basin  of  the  Abai  or  Blue  Nile  takes  from 
25  days  in  July  to  15  days  in  September  to  reach  A8wan,§  we  may  consider 
that  the  meteorolt^ical  conditions  which  we  have  to  examine  are  those  of 
June,  July,  August,  and  September,  the  months  of  heaviest  rainfall  on  the 
Abyssinian  plateau. 

Summer  PTtssure  Anomalies  and  Flood  Conditions. — If  the  yearly  variations 

*  "  Die  Auomalieo  der  Witterung  Kuf  Islaad  in  dem  Zeitnume  IBSl  bu  1900  nnd  derail 
Beiiehuogen  lu  den  glrichieitigeD  Witt«ruiigB.anamBJieii  in  Nordweat-Europa,"  '  SiUimgaberichte 
d.  k.  Ak«d.  Wiw.  in  Wien,'  1904. 

t  Oftratiu, '  A  Beport  on  tha  Basin  of  the.  Opper  Nile,'  C&iro,  1904 ;  kUo  Blua-book,  '  Kgjpt, 
Mo.  8,  1904;'  Ljone, '  Qaog.  Journ.'  (not  jet  printed). 

J  Lyona, '  Tha  Olimatognphj  of  the  Mile  Batin,'  Surrey  Dept.,  Egj>pt  (in  (he  pm«). 

S  Ljona,  '  Qeog.  Joum.' 
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from  the  mean  of  the  atmospheric  pressure  of  the  summer  months,  April  to 
September,  are  examined  (fig.  1),  it  will  be  seen  that  they  exhibit  an 
irregular  oscillation  which  is  generally  inverse  to  that  of  the  Nile  floods ; 
years  with  high  atmospheric  pressure  correspond  closely  to  those  of  deficient 
Nile  floods,  and  those  of  low  atmospheric  pressure  to  the  high  floods,  and 
consequently  with  heavier  rainfall  in  Abyssinia.  As  has  been  shown  by 
Briickner,  Sir  N.  Lockyer,  Bigelow,  and  others,  such  osoilUtions  of  pressure 
are  to  be  traced  over  very  wide  areas,  high  or  low  presaiirea  occurring  at 
nearly  the  same  time  in  the  observations  recorded  at  distant  stations.  The 
data  which  are  available  for  an  investigation  of  the  pressure  conditions 
occurring  over  the  Nile  baain  itself  are  few,  since  temperatnre  and  rainfall 
have  been  more  often  recorded  than  atmospheric  pressure,  for  which  only  a 
few  years'  observations  in  the  Nile  valley,  south  of  Cairo,  and  in  the  Sudan 
exist  as  yet ;  still  the  observations  which  are  available  at  Cairo  and  Alexandria 
from  1869,  and  Beirut  from  1875,  may  be  utilized  to  compare  the  pressure 
conditions  of  north-eastern  Africa  with  those  of  more  distant  stations. 

Taking,  now,  the  summer  or  low  pressure  months,  April  to  September, 
which  include  the  period  of  rainfall  in  Abyssinia,  the  mean  value  of  the 
barometric  pressure  is  usually  above  the  normal  value  for  these  months  (as 
deduced  from  the  36  years,  1869  to  1903),  when  the  Nile  flood  is  below  the 
average,  and  below  it  when  the  flood  is  above  the  average  in  this  series  of 
years  (fig.  1);  a  mean  atmospheric  pressure  for  April  to  September  in 
excess  of  the  normal  occurred  with  twelve  low  floods  as  compared  with  seven 
high  floods,  while  a  deficient  mean  pressure  occurred  with  fourteen  high  floods 
and  no  low  floods. 

The  agreement  is  more  clearly  shown  if  the  curves  of  the  mean  pressure 
anomalies  and  of  the  Nile  floods  (inverted)  are  compared.  It  will  then  be 
seen  that  not  only  do  excess  pressures  and  deficient  floods,  and  the  converse, 
occur  with  considerable  frequency,  but  also  that  the  diSerences  from  the 
normal  of  the  two  curves,;  as  plotted  on  fig,  1,  show  a  marked  tendency  to 
move  in  the  same  direction,  although  the  amount  of  excess  or  deficit  for 
any  year  in  the  alraospheric  pressure  may  not  bear  any  definite  relation  to 
the  magnitude  of  the  fiood.  Of  18  years,  in  which  there  was  an  increase  in 
the  mean  pressure  of  April  to  September,  there  was  a  decrease  in  the  flood  as 
compared  with  the  previous  year  in  16  years  and  in  2  years  there  was  an 
increase ;  in  14  years,  in  which  there  was  a  decrease  in  the  barometric 
pressure  as  compared  with  the  previous  year,  9  years  had  an  improved  flood 
and  5  years  had  a  worse  flood.  Therefore,  though  there  is  not  an  exact 
agreement  between  the  curve  of  the  mean  atmospheric  pressure  for  April  to 
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Fio.  1. 
Mmu  VuUtion  of  Atmoapheric  Prtman  from  Normal  for  the  Uontba  April-September. 
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September  at  Cairo,  and  the  inverted  curve  of  the  Nile  floods,  there  is  con- 
siderable similarity,  which  is  worth  further  investigation. 

The  years  in  which  the  agreement  is  wanting,  when  the  mean  sunimer 
pressure  for  April  to  September  and  the  flood  are  compared,  are : — 


Pressure 
ditference 
from  pre- 
ceding year. 

Pressure 

difference 

from  normal. 

Flood 

difference  in 

volume  from 

previous 

year.* 

Flood  q 

difference  '■■ 
from  mean.* 

mm.                 mm. 
-0-49             -0-59 
+  0-44      '       -016 
+  0-29             +0-66 
-0-79       '       -0-24 
+  0-06       1        +0-01 

Million 
cubic  metres. 
-11,800 
+   3,700 
+  27,600 
- 10,700 
_   5..<190 

MilUon 
cubic  metres. 
+   3,184 
+  6,877 
+  17,434 
+  6,709 

-  6,866 

-  8,661 

1872 

1886    

1901    

-0-42       '           0-00                   l.BOO 

If  the  investigation  is  carried  out  over  a  wider  field,  and  the  records  of 
barometric  pressure  of  other  and  more  distant  stations  are  utilised,  this  general 
agreement  is  seen  to  extend  to  many  of  them,  also  showing  that  variations 
from  the  normal  pressure  occur  nearly  simultaneously  over  very  large  areaa.t 
The  variations  from  the  normal  pressure  have  been  plotted  on  Plate  1  for  the 
stations  of 

Beirut.  Zanzibar.  Bombay. 

Cairo.  Mauritius.  Hong-Kong. 

Aden.  Bushire.  Shanj^hai. 

Here  the  general  i^reement  of  the  maxima  and  minima  are  well  shown,  as 
well  as  many  of  the  minor  crests,  so  that  it  would  appear  that  the  barometric 
conditions,  with  which  a  heavy  or  deficient  rainfall  in  Abyssinia  coincides, 
are  often  of  very  wide  extension.  The  agreement  of  the  Cairo  pressure  curve 
with  the  inverted  flood  curve  has  been  discussed ;  the  Beirut  curve  has  much 
in  common  with  the  Cairo  curve  but  presents  some  points  of  interest ;  the 
high  pressure  in  1877  is  welt  marked,  coinciding  with  the  very  low  Nile  of 

*  The  Toluiue  of  the  flood  ii  teken  u  the  Toluine  of  weWr  pMaing  Aswan  between  Jnlj  1  tad 
October  31. 

t  See  Lookyer,  '  Boj.  800.  Proo,,'  toL  73,  p.  *67 ;  Bigelow,  '  Monthly  Weather  RoTiew,' 
Norember,  IQOSi  Brttokner, '  Klinueahinuikungeti,' Chap,  TI,  Vieniis,  1B90;  Hann,  'Sitiungi- 
berichte  d.  k.  Akad.  d.  Wiaa.  in  Wieu,'  vol.  110,  III,  Junaiy,  1904. 


d  by  Google 


1904.]  in  Narth-Eaat  Africa  and  the  Nile  Flood.  71 

.that  year,  as  it  is  in  the  Bombay  and  MauritiuB  curves;  at  Cairo  the  dia- 
crepancy  between  the  two  curves  is  apparent  rather  than  real,  as  the  pressure 
was  exceptionally  high  \a  July  and  August 

All  the  curves  mark  the  low  pressnre  of  the  sammer  of  1878,  a  year  of  h^h 
and  late  flood.  In  1879  the  pressure  was  rather  higher  but  agrees  with  the 
flood;  1880  continues  iu  the  same  direction,  as  also  does  1881.  In  1882 
there  are  points  of  peculiar  interest  to  be  noted ;  at  Cairo,  Beirut,  and  to  a 
lesser  degree  at  Bushire,  the  mean  pressure  increased,  and  in  Egypt  the  Nile 
flood  was  feebler  than  in  any  year  since  1877,  these  data  being  thus  in 
i^^eement;  but  in  Mauritius,  Aden,  and  Etombay  the  pressure  fell  con- 
siderably, the  Bombay  rainfall  was  in  slight  deficit,  — 1'92  inches,  while  that 
for  India  generally  from  June  to  September  was  21  inches  above  normal  In 
1883  a  marked  improvement  in  the  flood  took  place,  with  a  very  slight 
decrease  of  pressure  at  Cairo,  Beirut,  Aden,  and  rather  more  at  Bushire,  but 
at  Bombay  it  rose.  In  these  two  years  then  Indian  and  Egyptian  pressures 
and  rainfall  conditions  were  not  in  agreement.  In  1884  ^^ain  the  mean 
pressuie  increased  at  most  stations  and  the  Nile  flood  was  bad  ;  in  1885  the 
mean  pressure  fell  at  Cairo,  Beirut  and  Aden,  it  rose  at  Bushire  and  Bombay 
the  Nile  flood  was  slightly  above  the  average  again,  while  in  Bombay  rainfall 
was  3'1  inches  below  the  average;  1886  shows  rather  higlier  pressures  at 
Cairo  and  Beirut,  while  the  flood  was  poorer,  but  Aden,  Bushire,  and  Bombay 
had  lower  pressures,  and  at  Bombay  there  was  a  large  excess  of  rainfall ;  in 
1887  the  conditions  were  reversed  except  that  iu  spite  of  increased  pressure 
Bombay  had  an  excess  of  rainfall,  but  the  noticeable  point  is  that  in  these 
two  years  again,  as  in  1882  and  1883,  £^ypt  and  Western  India  are  at  variance. 
In  1888,  1889,  and  1890  all  the  curves  agree  except  Aden  in  the  latter  year, 
and  the  very  low  flood  of  1888  followed  by  higher  ones  of  1889  and  1890  are 
paralleled  by  the  failure  of  rainfall  at  Bombay  in  the  first  year,  and  the 
greatly  reduced  deficits  of  the  next  two  years.  Until  1894  the  curves  show 
satisfactory  agreement,  but  in  that  year  Aden  and  Bushire  contradict  the 
others ;  in  1895  agreement  is  again  geueral,  but  in  1896, 1897,  and  1898  the 
variations  of  the  flood  are  not  well  indicated  in  the  Cairo  and  Beirut  curves, 
and  in  1897  Zanzibar  alone  shows  an  increased  mean  pi-essure. 

Pressure  Anomalies  in  the  Mediterranean. — In  the  Mediterranean  area  the 
pressure  anomalies  in  summer  are  generally  of  the  same  character  as  those  of 
Cairo  and  Beirut,  as  is  shown  by  the  curves  of  Athens  and  Palermo,  but 
those  of  the  Azores  (Ponte  Degada)  and  Lisbon  are  usually  inverse.  It  is 
instructive  to  notice  that  in  the  years  1871,  1874,  1881,  and  1882,  the 
Egyptian  pressures    differ    markedly  from    those  of    Bombay  and    India 
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generally,  but  they  agree  closely  with  those  of  the  Azores  (see  lig.  1),  that 
is  with  the  indirect  or  Cordoba  type  of  pressure  variation,  which  seems  in 
these  years  to  have  extended  across  northern  Africa  to  Cairo.  In  1874  the 
flood  was  a  very  high  one,  which  would  not  have  been  anticipated  from  the 
high  pressure  at  Cairo,  although  the  pressure  fell  much  in  July ;  possibly 
conditions  to  the  southward  were  more  favourable  than  the  Mediterranean 
stations  indicate,  but  no  observations  are  available  to  bear  this  out.  We  find 
then  that  £gypt  and  Abyssinia  in  their  pressure  aaomalies  in  the  summer 
months  usually  agree  with  the  Indian  or  direct  type  of  pressure,  but 
occasionally  revert  for  a  year  or  two  to  the  oppoeite  type, 

MotUhly  Presgare  Anomalies. — So  far  then,  there  appears  to  be  considerable 
probability  that  the  variations  of  the  rainfall  in  Abyssinia  are  connected  with 
the  variations  of  barometric  pressure  from  year  to  year  in  north-eastern 
Africa  in  the  summer  months,  that  is  from  April  to  September ;  but  it  must 
be  remembered  that  in  taking  the  mean  pressure  for  the  six  months,  April  to 
September,  the  first  two  months  are  unimportant,  since  practically  no  rain  then 
CeJLs  which  appreciably  affecte  the  flood,  and  meteorological  cooditions  in 
these  months  may  be  highly  favourable  or  unfavourable  to  precipitation 
without  any  material  effect  being  produced  on  the  Nile  flood,  though  the 
mean  pressure  for  the  six  months  is  affected  by  them.  It  may  be  to  this  and 
to  the  fact  that  two  or  three  stations  only  can  furnish  obseivations  which  are 
of  use  in  this  discussion,  that  the  discrepancies  which  have  been  pointed  out 
are  due. 

When  the  monthly  pressure  anomalies  at  Cairo,  Alexandria  and  Beirut  are 
compared  with  the  monthly  excess  or  defect  of  the  Nile  flood  as  recorded  on 
the  Aswan  gauge,  a  closer  (^eement  is  found  to  exist.  Sir  J.  Eliot,  F.B.S.,* 
points  out  that  periodic  changes  of  pressure  in  India  are  far  smaller  in 
amount  than  the  annual  and  daily  range,  take  place  more  gradually,  and  from 
their  small  magnitude  accurate  and  long-continued  series  of  observations  are 
necessary  for  their  discussion.  Their  importance  is  not,  however,  to  be 
measured  by  their  size ;  Sir  J.  Eliot  is  of  opinion  that  in  India  they  are  due  to 
the  seasonal  mass  transfer  of  air  across  the  equatorial  belt  between  Southern 
Asia  and  the  Indian  Ocean  and,  as  a  consequence  of  this,  "  they  are  directly 
related  to  the  lat^est  and  most  important  features  of  the  weather  in  India, 
viz.,  the  character  and  distribution  of  the  precipitation  of  tain  and  snow  in 
the  Indian  monsun  area-f  It  will  hardly  be  remarkable  if  a  somewhat 
similar  oscillation  be  found  to  exist  in  the  north-eastein  })art  of  Africa,  and 

■  '  Induo  Heteorological  Memoin,'  toI.  6,  Fart  II,  Calcutta,  1896. 
t  Ihid.,  p.  117. 
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we  may  expect  it  similarly  to  affect  the  African  monsun  rainfall  in  Abyssinia 
and  the  Sudan. 

To  examine  this  the  "  smoothed "  values  of  the  differences  of  mean 
atmospheric  pressure  of  each  month  from  the  normal  for  Abbassia  Observatory, 
Cairo,  have  been  nsed.  The  smoothed  values  are  obtained  in  the  same  way 
aa  in  the  Indian  Meteorologies  Memoir  already  quoted,  that  is,  the  smoothed 
values  for  any  month  is  the  arithmetical  mean  between  the  actual  values 
for  that  month,  the  preceding  and  succeeding  munths.  The  same  has  also 
been  done  tor  Beirut,  Aden,  Zanzibar  and  Mauritius,  and  for  India,  for  which 
the  figures  have  been  taken  from  Sir  J.  Eliot's  Memoir.  These  smoothed 
values  have  been  plotted  on  Plate  1  to  a  scale  of  5  mm.  to  1  mm.  of  variation 
of  pressure  from  the  normal,  ao  that  the  correspondence  between  the  various 
stations  at  the  same  season  can  be  followed.  In  the  Indian  Memoir, 
(VoL  6,  pt.  II)  freehand  curves  have  been  drawn  throu^  the  Indian  curves  ; 
this  could  easily  be  done  for  the  Zanzibar  curve,  but  those  of  Beirut  and 
Cairo  are  too  irr^ular  for  a  aatiafactory  curve  to  be  drawn,  though  traces  of 
oscillations  similar  to  the  Zanzibar  curve  can  be  traced  here  and  there 
in  them. 

Id  studying  these  curves,  and  especially  those  of  Beirut,  Cairo,  and  Aden, 
we  must  remember  that  it  is  with  the  effect  of  the  pressure  variation  dnring 
June,  July,  August,  and  September  that  we  are  principally  concerned.  This 
leads  to  another  point ;  since  the  rainfall  which  affects  the  Nile  flood  is 
strictly  limited  to  the  Abyssinian  area,  high  and  low  pressures  may  occur  in 
the  winter  months  without  having  any  effect  on  the  subject  under  con- 
sideration, the  Nile  flood.  This  is  the  reason  that  if  the  mean  pressures  at 
Cairo  for  October  to  March  or  even  January  to  April  are  examined,  they 
show  no  relation  to  the  variations  of  the  Nile  flood  (fig.  2). 

Mood  Cojidiiions. — The  agreement  between  the  barometric  curve  for  Cairo 
and  the  variation  of  the  Abyssinian  rainfall  and  the  Nile  flood,  cannot 
conveniently  be  shown  graphically  when  the  monthly  pressure  variations  are 
considered,  because  the  discbarge  of  the  Nile  in  different  months  depends  on 
different  factors.  After  October  the  Blue  Nile  supplies  a  steadily  decreasing 
amount,  until  in  May  its  discharge  at  Khartoum  may  almost  cease;  the  Sobat 
is  at  its  maximum  in  November  and  decreases  until  it,  too,  supplies  hardly 
anything  in  April  in  alow  year ;  the  combined  discharge  of  the  Bahr-el-Zaraf, 
Bahr-el-Jebel  and  Balir-el-Ohazal  is  always  a  practically  constant  amount  for 
the  purpose  of  the  present  discussion.  Although,  therefore,  pressure  conditions 
might  be  such  in  November  as  to  favour  a  heavy  rainfall,  and  even  thoi^h 
this  might  fall  at  the  equatorial  lakes,  the  Nile  discharge  would  no  more  be 
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mfluenced  by  it  than  by  conditions  of  excessive  drought  at  a  similar  time. 
In  short,  conditions  favourable  or  unfavourable  to  precipitation  will  affect  the 
Nile  flood  supply  in  some  such  way  as  the  following : — 

April  and  May  :   Advance  or  retard  commencement  of  flood  ;   June,  July, 
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August:  IncreaBB  or  decrease  flood  ;  September,  October:  Delay  or  accelerate 
tlie  fall  of  the  flood. 

In  other  months  they  will  have  no  efTect  on  the  Xile  supply,  since  no  rain 
is  falling  within  the  efliective  basin.*  The  low-stage  supply  is  due  to  the 
combined  eflect'  of  the  July  to  August  rainfall,  and  to  the  September  to 
October  later  rains ;  a  heavy  rainy  season  ceasing  usually  in  September,  and  a 
moderate  rainy  season,  followed  by  prolonged  September  to  October  rains, 
may  both  furnish  a  good  low-stage  supply  drawn  from  the  stored  ground- 
water and  the  springs  of  Abyssinia. 

Since  the  pressure  changes  ara  practically  simultaneous  over  wide  areas, 
their  efTect  on  the  river  gauge  readings  will  take  place  in  the  flood  two  to 
four  weeks  later  at  Aswan,  according  to  the  distance  that  the  water  bos  to 
flow,  from  where  the  rain  was  falling  to  the  point  of  observation,  and  also  on 
the  velocity  of  the  current,  while  at  low  etfige  the  dischaige  is  the  result  of 
the  meteorological  conditions  in  Abyssinia  several  months  earlier.  Since, 
therefore,  the  pressure  curves  and  river  gauge  curves  cannot  be  directly 
compared.  Table  I,  which  gives  the  mean  difference  of  each  month's  gauge 
readings  from  the  32  yeara'  mean  of  the  readings  of  the  Aswan  gauge,  will  be 
used  to  show  the  effect  of  the  rainfall  on  the  river's  discharge. 

Comparison  of  Monthly  Pressure  Anomalies  with  Excess  or  Deficiency  of 
Flood.~~A  comparison  of  these  difl'erences  with  the  pressure  anomalies  on 
fig.  1,  will  serve  to  show  the  remarkably  close  connection  which  there  is  in 
most  years  between  the  variations  of  pressure  from  the  normal  at  Beirut, 
Cairo  and  Aden,  and  the  rainfall  of  Abyssinia,  as  represented  by  the  gai^e 
readings  at  Aswan.  In  one  or  two  cases  even  a  brief  change  of  pressure  for 
a  mouth  appears  to  be  reproduced  in  the  gauge  readings,  as  a  consequence  of 
the  increased  or  decreased  rainfall,  but  though  no  special  stress  should  be 
laid  on  these  minor  agreements,  it  is  certainly  remarkable  to  see  how  closely 
the  two  phenomena  of  pressure  and  rainfall  ^ree  in  most  years. 

The  following  table  (No.  I)  gives  the  monthly  mean  difierence  of  the 
Aswan  gauge  readings  from  the  mean  readings  of  1872  to  1901,  and  though 
these  diflerences  do  not  furnish  as  accurate  a  means  of  comparison  as  the 
volume  of  water  discharged  in  each  month  would  do,  still  they  will  not 
introduce  any  great  error.  In  Table  II  the  pressure  anomalies  for  June 
to  September  nre  compared  with  the  flood  for  the  year  by  means  of  its  ratio 

*  Strict!;  speaking,  Wadalu  on  the  Bkbr-el-Jebel  (Ut.  3°  N.),  which  has  NoTembe)-  nini, 
would  be  within  the  eSectiTe  biuiii,  (ince  there  ia  ft  direct  waterway  from  this  point  to  the  lower 
reachea  of  the  Nile,  but  oa  the  diicharge  at  the  mouth  of  this  riTsr,  where  it  joins  the  White  Nile, 
onlj  Tuies  between  260  and  360  cubic  metres  per  leoond  throughout  the  year,  this  ninfall  has  no 
Moeonal  effect  an  the  Aswan  discharges. 
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to  a  mean  flood.    This  ratio  has  been  obtained  by  oomparii^  the  volame 
discharged  at  Aswan  between  July  1  and  October  31  in  each  year. 
The  nine  years  which  diat^pne  may  now  be  examined  more  in  detail 
In  1874,  pressure  at  Cairo  wae  much  above  the  normal  in  March,  April, 
and  May,  after  which  it  fell  rapidly  till  the  end  of  the  year ;  the  fiood  at 
Aswan  was  in  considerable  excess  from  the  middle  of  June  onwards. 

In  1876,  though  Cairo  preesure  was  above  the  normal,  that  of  Beirut  and 
Alexandria  was  below  it. 

Table  I. — Mean  Difference  of  Ghiuge  Baadings  at  Aswan  in  Centimetres  from 
the  Mean  Gauge  Keadii^  of  1H72  to  1901. 


Y«.r. 

July. 

Aog. 

Sept. 

Oct. 

Y».. 

July. 

Aug. 

Sept. 

Oct. 

1869 

+  46« 

+  39 

+  61 

+  115 

1887 

+  79 

+  122 

+  77 

+  14 

1870 

+  71 

+  108 

+  63 

+  96 

1888 

-  82 

-  74 

-106 

-146 

1871 

+  32 

+  57 

+  22 

+  1 

1889 

-  61 

+  14 

+  23 

+  4 

1872 

+  88 

+  42 

+  34 

+  78 

1890 

-  13 

+  74 

+  46 

+  80 

1873 

+  18 

-  68 

-  48 

-  54 

1891 

-  5 

+  6 

+  15 

+  48 

1874 

+  76 

+  184 

+  94 

+  83 

1892 

-  30 

+  40 

+  99 

+  121 

1875 

+  13 

+  68 

+  36 

+  64 

1893 

-  54 

+  20 

-  22 

+  51 

1876 

+  93 

+  42 

+  63 

+  11 

1894 

+  66 

+  72 

+  68 

+  131 

1877 

+  47 

-107 

-164 

-122 

1895 

+  62 

+  144 

+  41 

+  1 

1878 

-  24 

+  10 

+  95 

+  182 

1896 

+  38 

+  2 

+  63 

+  29 

1879 

+  168 

+  72 

+  44 

+  42 

1897 

+  2 

-  66 

-  16 

-  26 

1880 

+  122 

+  27 

-  24 

-  18 

1898 

-  47 

+  42 

+  42 

+  66 

1881 

-  44 

-  78 

+  28 

+  2 

1899 

-  52 

-144 

-152 

-194 

1882 

-  92 

-  80 

-  34 

-  45 

1900 

-105 

-  17 

-  65 

-  41 

1883 

+  43 

+  55 

+  22 

-  3 

1901 

-  30 

-  16 

-  23 

-105 

1884 

-  46 

-  75 

-  62 

-  10 

1902 

-120 

-249 

-127 

-  79 

1885 

+  78 

+  66 

-  28 

-  39 

1903 

-  49 

-118 

-  18 

+  10 

1886 

-  38 

-  12 

-  2 

-  41 

In  1883,  pressure  was  above  the  normal  until  October,  the  maximum 
being  in  July ;  the  flood  was  in  moderate  excess  July  to  September,  with  a 
considerabe  excess  July  25  to  August  10  ;  October  in  moderate  defect. 

Id  1888,  pressure  at  Cairo  was  below  normal  till  August,  then  above  it ; 
Beirut  was  below  normal,  but  rising;  at  Aden  it  was  high  in  September. 
The  flood  of  July  and  August  was  in  coosiderable  defect,  and  after 
September  15  in  large  defect. 

In  1891  pressure  at  Cairo  was  below  normal  April  to  June,  and  above  it 

July  to  September ;  pressure  at  Aden  fell  steadily  after  July.     The  flood  was 

'  Ten  dsf*  only. 
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in  good  excess  June  10  to  July  5,  moderate  defect  July  15  to  August  10, 
nonnal  July  20  to  September  30,  moderate  excess  in  October. 

In  1893,  pressure  at  Cairo  was  high  in  March,  April,  and  May,  aft«r  which 
it  fell  to  slightly  below  normal;  at  Beirut  July  was  above  normal,  after 
which  pressure  fell ;  at  Aden  pressure  rose  in  August  The  flood  was  in 
defect  in  June  and  July ;  in  fair  to  good  excess  in  Augost ;  in  moderate 
defect  in  September. 

In  1895  pressure  at  Cairo  was  high  in  April  to  June,  after  which  it  fell 


Table  II. — Comparison  of  Pressure  Anomalies,  June  to  September,  at  Cairo, 
with  the  Batios  of  the  Nile  Floods  to  a  Mean  Flood. 


Ratio  to 
nean  flood. 


Preasure 
aoomaly.* 


Frenure 
anomaly.* 


1876     ; 

1876  

1877 ' 

1880  ' 

1681 

1882  

118 
1-23 
105 
111 
0-84 
1-26 
1-10 
1-09 
0-70 
1-26 
1-14 
0-98 
0-93 
0-84 
104 
0-83 
0-99 
0-91 


mm. 
-0-67 
-012 
-0-49 
-0-49 
+  0-43 
+  0-36t 
-014 
+  0-16t 
+  0-91 
-0-86 
-115 
+  0-11 
+  0-11 
+  0-60 
+0-39t 
+  0-95 
+0  02 
+  017 


1901  . 

1902  . 

1903  . 


119 
0-72 
100 
1-12 
101 
1-20 
0-99 
1-22 
116 
1-06 
0-89 
1-07 
0-65 
0-89 
0-87 
0-63 
0-89 


)-47 
)-06t 


+O-0 

-o-o 

+0-ti 
+0-3 


steadily,  being  normal  in  August ;  at  Aden  it  was  low  after  June.     The  flood 
was  in  good  excess  June  to  September,  and  in  lat^  excess  August  1  to  25. 

In  1896,  pressure  at  Cairo  was  high  June  to  August,  and  low  in  September ; 
at  Aden  generally  low  but  above  normal  in  August  The  flood  was  in  small 
excess  in  June,  moderate  excess  in  July,  considerable  defect  in  Ai^ust,  and 
good  excess  in  September. 

*  H«aa  of  the  mean  anonulies  of  the  monthi  June,  Julj,  Aogoat,  Septembar. 
t  Tewra  in  apparent  dUagreement  from  the  mle  (hat  —  anomalie*  coincide  with  flood*  above 
Ibe  attnge,  and  ■¥  anomalies  with  floods  below  the  arerage. 
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In  1901,  pressure  at  Cairo  was  high  till  May,  tbea  fell  to  just  below 
Dormal ;  Aden  and  Zanzibar  were  above  normal.  The  flood  was  in  moderate 
defect  until  the  end  of  September,  except  for  a  moderate  excess  from 
August  15  to  31 ;  in  October  there  was  a  large  defect. 

Out  of  these  nine  years  then,  1883  and  1895  floods  alone  are  in  diaagree- 
ment,  while  those  of  1874  and  1896  are  in  fair  agreement  only,  though  it 
should  be  said  that  the  years  of  1888  and  1902  were  not  so  remarkable  for 
conditions  of  high  pressure  as  the  deficiency  of  rainfall  would  have  led  one  to 
expect. 

Percentage  of  Agreement. — StiU  we  may  say  that  30  out  of  the  35  years,  or 
86  per  cent.,  show  a  good  agreement  of  —  anomalies  of  pressure  with  excess 
of  rainfall  and  +  anomalies  with  a  deficiency,  which  is  sufficiently  satisfactory 
to  encourage  further  study ;  it  at  all  events  furnishes  a  working  hypothesis 
which  may  be  used  to  estimate  the  probability  of  a  year's  flood  being  much 
below  or  above  the  normal,  and  as  knowledge  advances  a  closer  estimate  may 
perhaps  be  formed. 

Extent  of  Agreement  with  the  South-west  Monsun  of  India. — As  the 
Abyssinian  rains  are  due  to  the  monsun  of  Eastern  Africa,  which  in  the 
summer  months  crosses  the  equator  and  extends  as  southerly  and  south- 
westerly moisture-laden  winds  as  far  as  Khartoum  (lat.  15'  40'  N.),  and  even 
to  Suakin  (lat  19°  N.),  it  is  not  surprising  that  there  should  often  be 
considerable  similarity  between  the  Abyssinian  rainfall  and  the  south-west 
monsun  of  India.  The  relation  is  not,  however,  so  close  as  Sir  W.  Willcocke* 
and  Sir  John  Eliotf  have  maintained ;  years  of  famine  or  excessive  rain  in 
India  usually  coincide  with  low  or  high  Nile  floods  as  might  be  expected, 
since  conditions  unfavourable  or  favourable  to  precipitation  will  be  strongly 
marked  and  consequently  wide  in  their  influence,t  but  if  the  series  of  years, 
1875  to  1903,  is  taken,  9  years§  out  of  27  are  in  disagreement,  as  may  be 
seen  from  the  following  table.  If  the  Bombay  rainfall  is  taken,  the  result  in 
even  less  satisfactory.  Therefore,  in  basing  anticipations  of  the  Nile  flood 
solely  on  the  prospects  of  the  Indian  south-west  monsun,  it  would  seem 
likely  that  as  niany  times  as  1  in  3  they  would  not  be  fulfilled,  a  vecy  much 
lower  proportion  than  the  1  in  7,  derived  from  the  barometric  anomalies  of 
Beirut,  Cairo,  and  Aden. 

Low  Stage  of  Nile. — Besides  the  heavy  rains  of  July  and  August  which 

*  A  pap«r  read  before  Mel'eor.  Congreaa,  Ohiof  o. 

t  '  N&tnrs,'  Augiut  28,  1900,  p.  892. 

X  LjoDB,  *  Oeog.  Joum.' 

§  I.e.,  1B76,  tSSl,  1SB2, 1888,  1^84,  1880,  1S91,  1896. 
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Table  III. 


Y«ar. 

Batio  ol  Nile 

flood  to 
mean  Sood. 

Indian  rainfall* 
Year  variation  from  nonnai. 

Bombay  rainfall.! 

Variation  from 

normal. 

April  to  September. 

Year. 

June  to  Sept. 

1876  

Ill 
110 
0-71 
1-26 
1-16 
0-99 
0-64 
0-66 
106 
0-84 
1-00 
0-92 
1-21 
0-72 
100 
113 

1-02 
1-21 
100 
1-23 
116 
1-08 
0-90 
1-07 
0-63 
0-90 
0-88 
0-64 
0-89 

+  2-38 
-4-49 
-4-28 
+  6-34 
+  1-69 
-1-66 
+  0-10 
+  2-64 
-0-12 
+  1-73 
+  1-06 
+  3-02 
+  2-42 
-1-64 
+  2-41 
+  0-68 

-3-64 
+  5-09 
+  9-07 
+  6-47 
-2-90 
-4-83 
-0-16 
+  0-43 
-11-14 
-0-57 
-4-13 
-2-06 

l' 
-3-4 
-9-3 
+  2-9 
+  2-7 
-2-6 
+  2-4 
+  2-1 
-1-7 
+  2-6 
+  0-8 
+  1-4 
+  0-1 
+  0-6 
+  3-3 
+  1-3 

June  to  Dec. 

+  13-08 
-21-00 
+   1-40 
+  41-71 

-  9-64 

-  3-10 
+   1-99 

-  1-92 
+  19-06 
+   3-26 

-  3-10 
+  28-72 
+  23-76 
-16-16 

-  3-26 

-  6-97 

+   6-94 
+  24-10 

-  4-13 

-  4-46 

-  3-49 
+  16-63 
+  10-61 
+   2-91 
-36-68 

-  1-87 

1880  

1881  

1882  

1886 

1887 

1888 

1889  

-4-26 
+  6-69 
+  4-72 
+  6-76 
-1-95 
-3-69 
-0-02 
+  0-93 
-11-34 
-0-26 
-6-12 
-1-64 

1892  

1898 

1899  

1900  

principally  supply  the  Nile  flood,  the  iaeteorol<^cal  phenometia  may  also 
indicate  conditions  favourable  or  unfavourable  to  precipitation  at  the  time 
of  the  later  autumn  rains  of  September  and  October  which  affect  the  low 
stage  or  summer  supply  of  the  river. 

■  Eliot,  1875  to  1896,  we '  N»tare,'  Jime  8, 1B97,  p.  110 1  1897  to  1903,  lae  '  Nature,'  Aogiut  25, 
ISOi,  p.  403. 

t  '  Iniiua  Heteorologieat  Memoir*.' 
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The  coimectioD  is  not  so  Bunple  as  in  the  case  of  the  flood,  for  the  effect 
of  heavy  autumD  rains  may  be  counteracted  by  the  efiecta  of  a  very  deficient 
rainfall  of  earlier  months,  while  an  unusually  copious  rainfall  will  give  a  good 
low  stage  supply,  even  though  the  autumn  rains  have  been  feeble. 

In  Table  IV  the  pressure  anomalies  for  September  and  October  are 
compared  with  the  mean  excess  or  defect  of  the  March  to  May  gauge 
readings  at  Aswan  of  the  following  year.  From  this  it  is  seen  that  out  of 
34  yean  a  negative  value  of  the  mean  of  the  anomalies  for  September  and 
October  was  followed  by  a  low  stage  above  the  average,  and  a  positive  value 
by  one  below  the  average  in  seventeen  cases. 

If  now  we  take  the  excessively  high  floods  of  1870  and  1878,  when  the 
summer  rains  were  sufficiently  heavy  to  mask  any  eflect  of  the_  positive 
pressure  anomalies  in  the  autumn,  and  also  the  very  low  Soods  of  1873, 
1877,  1888,  1901  and  1902,  when  deficient  summer  rainfall  outweighed  the 
precipitation  which  we  may  assume  accompanied  the  small  n^ative  pressure 
anomalies  of  the  autumn,  the  cases  which  ^ree  with  what  might  be  expected 
are  24  out  of  34,  or  71  per  cent. ;  of  the  11  discrepant  years,  1871  and  1891, 
which  were  followed  by  a  deficient  low-stage  supply,  and  1883,  which  was 
followed  by  a  tavourable  low  stage,  had  respectively  +  and  —  pressure 
anomalies  in  September,  which  month  would  naturally  be  more  effective 
in  rainfall  than  October. 

This  agreement  is  as  good  a  one  as  can  be  expected  where  so  many  causes  are 
at  work,  and  where  no  data  from  the  immediate  neighbourhood  are  available. 

It  should  be  mentioned  here  that  the  true  distribution  of  pressure  in 
Egypt  and  the  Sndan  is  veiy  different  from  that  usually  shown  in  meteoro- 
logical atlases.*  In  April  and  May  the  principal  feature  is  a  low-pressure 
area  which  lies  over  Abyssinia  and  the  Eastern  Sudan,  and  to  which  the 
early  rains  (Azmera)  of  Abyssinia  are  due ;  by  June  it  has  joined  the  trough 
of  low  pressure  which  extends  across  Beluchistan  in  a  south-westerly 
direction,  and  a  gradient  exists  everywhere  from  the  Nile  Valley  towards 
the  neighbourhood  of  Muskat  and  Bushire.  In  July  this  gradient  is 
steepest ;  in  August  it  is  somewhat  reduced  by  a  slight  rise  of  pressure  in 
the  Persian  Gulf,  and  is  very  considerably  reduced  in  September.  Thus 
instead  of  a  continuous  trough  of  low  pressure  extending  from  Central  Asia 
into  the  centrtd  part  of  North  Africa,  there  is  a  marked  gradientt  eastwards 

*  This  diMribation  of  preuiirs  ii  duciuMd  in  a  SepoR  on  the  Climatognph;  of  the  KQe  Bwdn 
whioli  will  be  publitbed  ihortl;. 

t  FiTfl  millimetreB  in  ebout  8°  of  longitade  between  Dueim,  Ut.  14°  N.  on  the  White  Nile,  and 
the  Bed  Sob  in  Julj. 
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Table  IV. 


Year. 

Pressure  variation. 

Flood  ratio 
Hood. 

Mean  difference 
from  mean  gauge 

nsadingaat 

Aawan,  olMarcl), 

April,  May, 

next  year. 

September. 

October. 

Mean. 

1869  

1870  

1871  

1872  

1873  

187t  

1876  

1876  

1877  

1878  

1879  

1880  

1881  

1882  

1883  

1884  

1886  

1886  

1887  

1888  

1889  

1890  

1891  

1892  

1893  

1894  

1896  

1896  

1897  

1898  

1899  

1900  

1901  

1902  

-1  16 
+  004 
+  0-34 
+  0-34 
-0-36 
+  0-44 
+  0-84 
+  0-31 
-0-26 

-1-11 
+  0-14 
-0-03 
+  0-38 
-0-46 
+  0-98 
+  008 
-0-11 
-0-21 
+  0-42 
-0-28 
+  1-44 
+  0-68 
-0-80 
-0-68 
-0-40 
+  0-92 
-0-64 
-017 
-017 
+  011 
+  0-69 
-0-07 
-0-39 

+  0-75 
+  0-16 
-0-66 
+  016 
+  0-06 
+  0-56 
-3-05 
+0-45 
-0-46 
+  0-47 
+  0-62 
+  0-27 
+  006 
+  0-37 
+  0-68 
+  0-68 
+  019 
-0-62 
-0-68 
-0-45 
+  0-25 
+  0-97 
-0-77 
-0-61 
-0-26 
+  0-27 
-0-87 
-0-02 
+  0-92 
-1-30 
+  0-31 
+  0-28 
-0-18 
+  0-30 

mm. 
-0-20 
+  0-10 
-6-16 
+  0-26 
-016 
+  0-40 
-110 
+  0-40 
-0-36 
+  0-06 
-0-28 
+  0-20 
+  0-02 
+  0-38 
+  0-12 
+  0-83 
+  0-14 
-0-32 
-0-40 
-0-02 
-0-02 
+  1-20 
-0-04 
-0-70 
-0-46 
-0-06 
+  0-02 
-0-28 
+  0-38 
-0-74 
+  0-21 
+  0-48 
-0-12 
-0-05 

1-18 
1-23 
1-05 
1-11 
0-84 
1-26 
1-10 
1-09 
0-70 
1-24 
114 
0-98 
0-93 
0-84 
1-04 
0-83 
0-99 
0-91 
1-19' 
0-72 
1-00 
1-12 
1-01 
1-20 
0-99 
1-22 
1-16 
1-06 
0-89 
1-07 
0-63 

0-87 
0-63 

cm. 

+   39 

-  62 

-  2 

-  79 

-  4 
+   39 

-  4 

-  74 
+  177 
+  110 

-  6 

-  36 
+   20 
+   58 

-  25 

-  26 

-  21 

-  10 

-  82 

-  67 

-  32 

-  48 
+  123 

-  15 
+  104 
+  58 
+   66 

-  26 
-129 
+   72 

-  61 

-  76 

-  85 

from  about  the  line  of  the  Nile  Valley.    Here  the  isobars  run  from  N'.N.W, 
to  S.S.E.  as  far  as  about  lat.  10°  N.,  when  they  turn  RS.E. 

The  last  few  years  have  shown  that  the  rainfall  on  the  Bahr-el-Jebel, 
lat  2*  N".  to  lat  7°  N.,  may  differ  entirely  from  that  of  Abyssinia   in  its 
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character,  but  the  causes  of  this  are  still  unknowo.  In  1878  and  1879  the 
rainfall  was  exceptionally  heavy  in  both  areas;  in  1899  it  was  extremely 
deficient  in  both ;  on  the  other  hand,  while  1902  and  1903  were  years  of 
very  deficient  and  slightly  deficient  rainfall  in  Abyssinia,  the  fall  in  the 
districts  to  the  north  of  Lake  Albert  was  very  heavy  and  exceptionally 
heavy  respectively. 

Pombility  of  Flood  Predicimu — The  present  hypothesis  seems  to  furnish 
UB  with  a  more  satisfactory  basis  for  predictuig  the  character  of  the  Nile 
floods  when  it  is  used  in  conjunction  with  the  indications  of  the  Indian 
south-west  monsun,  as  they  are  construed  by  the  Meteorological  Department 
of  India,  than  most  of  the  proposals  which  have  been  previously  made. 

Mahmud  Pasha  El  Falaki,  in  a  paper*  read  before  the  Khedivial 
Oeographical  Society  at  Cairo,  January  6,  1882,  suggested  that  the  Nile 
Rood  might  be  predicted  by  a  study  of  the  temperatures  and  barometric 
pressures  observed  at  Cairo,  and  as  he  was  under  the  impression  that  the 
White  Nile  furnished  a  considerable  part  of  the  flood,  he  proposed  to  consider 
the  meteorological  conditions  in  February,  March,  and  April  as  furnishing 
a  guide  to  the  probability  of  an  excess  or  deficit  of  equatoiial  minfall,  and 
those  of  July  as  indicating  the  conditions  on  the  Abyssinian  plateau. 
Having  taken  the  spring  months,  he  was  led  to  consider  that  a  high 
temperature  and  a  low  pressure  coincided  with  the  low  flood,  and  a  low 
temperature  and  high  pressure  with  a  high  flood,  basing  his  view  on  the 
years  1870  to  1881. 

Ventre  Pasha,t  in  a  paper  on  the  hydrology  of  the  Nile,  discusses  the 
possibility  of  predicting  the  flood,  and  concludes  that  the  knowlec^  of 
the  force  and  direction  of  the  winds  in  the  neighbourhood  of  Adeu  and 
Zanzibar  should  furnish  a  basis  for  satisfactory  forecasting.  He  refers  to 
some  invest^tors  who  have  endeavoured  to  trace  a  connection  between  the 
Nile  flood  and  the  barometric  pressure  and  temperature  at  Cairo,  but  that 
such  a  relation  is  possible  he  denies,  apparently  on  the  ground  that  the 
distance  between  the  equatorial  lakes  and  Caii-o  is  over  3500  kilometres,  and 
consequently  too  great  fur  meteorological  phenomena  at  the  two  places  to 
have  any  relation  to  one  another ;  but  it  is  with  the  Abyssinian  plateau  some 
2200  kilometres  distant  that  we  have  to  do,  and  also  variations  of  barometric 
pressure  are  frequently  found  to  occur  over  as  great  and  even  greater  areas. 
Ventre  Paaha  also  speaks  of  what  he  considers  to  be  a  law,}  viz.,  that  a 

•  '  Bull.  8oc.  KhM.  Ofog.,'  Febnury  6,  ISSfi,  p.  S27. 
t  'BuU.  Soe.  Kh£d.  O^g.,'  JM11U17,  1S94,  Cairo. 
}  '  Bull.  Soc.  OAog.  Cairo,'  Januu?,  18M,  p.  41. 
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low  flood  ia  followed  by  a  low  summer  supply,  but  this  is  only  a  natural 
sequeoce,  siuce  a  low  flood  meami  insufficient  rainfall  on  the  Abyaainian  area, 
and  consequently  the  September  rains  are  likely  to  be  also  below  the 
average.  Therefore  the  springs  and  streams  will  run  low  or  dry  sooner 
than  in  wetter  years,  and  the  Sobat  and  Blue  Nile,  the  two  variable  factors 
of  the  summer  or  low-sti^e  supply,  will  be  furnishing  but  little.  Oa  the 
other  hand,  it  will  sometimes  occur  that  a  season  of  deficient  rainfall  may 
improve  towards  the  end,  as  was  the  case  in  1903,  when  the  increased 
rainfekll  in  the  autumn  provided  a  good  low-stage  supply  for  1904. 

It  is,  therefore,  rather  on  the  amount  of  rain  falling  at  the  end  of  the 
rainy  season  in  Abyssinia,  and  its  continuance  into  the  autumn  months,  that 
a  good  low-stage  supply  depends ;  the  Sobat  keeps  up  the  level  of  the  White 
Nile  with  the  water  it  brings  from  the  h^h  lands  of  Kafta,  and  the  Blue 
Nile  is  fed  by  it«  tributaries  in  Gkijam  and  Wallega.  In  1903,  the  Blue  Nile 
was  discharging  nothing  at  Khartoum  on  the  8th,  15th,  and  23rd  of  May, 
after  the  deficient  rainfall  of  1902. 

Sir  W.  WiUeocks,*  in  his  paper  on  the  Wadi  Rayan,  refers  incidentally 
to  the  prediction  of  the  Nile  floods,  and  considers  that  good  floods  coincide 
with  high  humidity  in  June,  and  with  a  prevalence  of  southerly  winds  in 
'  April  and  May  at  Cairo ;  also  that  deficient  floods  are  heralded  by 
exceptional  dryness  in  June  and  few  southerly  winds  in  April  and  May. 

In  the  33  years — 1870  to  1902 — the  mean  relative  humidity  in  June  is 
not  of  any  real  valne  as  a  guide  in  prediction,  since  out  of  19  yeaiB  in 
which  the  relative  humidity  in  June  was  above  the  mean,  9  floods  were 
below  the  average,  and  10  were  above  it;  and  of  13  years  in  which  the 
humidity  was  below  the  mean,  8  floods  were  above  the  aven^,  and  5  were 
below  it. 

Turning  now  to  the  southerly  winds,  the  number  of  observed  winds  of 
which  the  direction  was  south  of  east  or  west  (from  some  part,  that  is,  of  the 
southern  half  of  the  horizon)  has  been  taken  from  the  3-hourly  observations 
at  Abbasfda  (near  Cairo).  In  9  years,  when  the  flood  was  above  the  average, 
the  southerly  winds  were  above  the  average  in  5  years,  and  below  it  in 
4  years.  In  7  yeai'S  having  floods  hdow  the  average  the  southerly  winds  were 
below  the  average  in  4  years  and  above  it  in  3  years. 

It  cannot  therefore  be  said  that  either  the  mean  relative  humidity  in  June 
or  the  prevalence  of  southerly  winds  in  April  and  May  are  safe  guides  in 
predicting  the  Nile  flood;  the  proposed  relation  will  be  found  to  hold 
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occasionally,  as  in  1902,  when  there  were  few  southerly  winds  and  a 
lai^  deficiency  in  the  flood,  also  in  1892  was  a  high  Nile,  and  the  June 
relative  humidity  was  also  high,  but  in  no  sense  can  they  be  considered 
as  satisfactory  bases  for  regular  prediction.  Sir  W.  Willcocks  does  not  say 
what  he  considers  the  relation  between  these  phenomena,  and  the  precipitation 
in  Abyssinia  to  be  ;  no  relation  of  cause  and  effect  is  indicated,  nor  are  they 
abowQ  to  be  effects  of  the  same  cause. 

It  seems  that  the  two  principal  factors  to  be  considered  are  firstly  the 
strength  of  the  south-east  trade  winds  as  they  progress  from  the  south  to  the 
north  of  the  equator,  along  the  eastern  coast  of  Africa,  and  secondly,  the  excess 
or  defect  of  atmospheric  pressure  in  the  area  represented  by  Aden,  Cairo, 
Beirut,  and  careful  study,  year  by  year,  of  the  varying  conditions,  will  be 
necessary  before  their  effects  are  properly  understood. 

The  results  may  be  summarised  as  follows : — 

1.  Generally  speakit^  the  curve  of  Xile  floods  varies  inversely  as  the  mean 
barometric  pressure  of  the  summer  months,  high  pressures  accompany  low 
floods,  and  low  pressures  accompany  high  floods. 

2.  These  pressure  variations  show  a  great  similarity  over  wide  areas,  from 
Beirut  to  Mauritius,  and  from  Cairo  to  Hong-Kong,  and  are  usually  of 
Sir  N.  Lockyer's  Indian  type  of  curve,  or  Professor  B^low's  ■"  direct "  type. 

3.  Occasionally,  however,  pressure  at  Beirut  and  Cairo  is  in  disagreement 
with  tliat  of  the  rest  of  the  area,  and  then  more  nearly  approaches  tlie 
"  Cordoba "  type  of  Sir  N.  Lockyer,  or  the  "  indirect "  type  of  Professor 
Bigelow.  This  would  seem  to  be  a  confirmation  of  other  evidence  which 
tends  to  show  that  ^^ypt  belongs  to  the  class  of  Bruckner's  "  temporarily 
exceptional "  areas. 

4.  Taking  the  monthly  means  of  atmospheric  pressure,  this  relation  is  even 
more  clearly  shown,  and  pressure  above  or  below  the  normal  in  months  of 
the  rainy  season  of  Abyssinia  coincides  closely  with  deficiency  or  excess 
of  rainfall. 

5.  Talcing  the  :^5  years — 1869  to  1903 — in  6  years  out  of  7  a  very  fairly 
accurate  prediction  of  the  flood  from  month  to  month  could  have  been  made. 

Conditions  in  1904.  The  data  which  have  been  utilised  extend  up  to  1902 
or  1903 ;  1904  may  be  examined  to  see  what  amount  of  accuracy  would  have 
been  arrived  at.  In  the  early  summer  of  the  present  year  it  was  the  general 
opinion  in  K^pt  that  there  would  be  a  good  Nile  flood,  and  Sir  W.  Willcocks 

wrote,*  "  E^pt  has  had  a  very  good  supply  this  year the  Atbara 

and  the  other  rivers  are  coming  down  fairly  early,  so  that  all  anxiety  about 
•  ■  Egyptian  Oatette.'  Juue  11, 1904. 
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want  of  water  may  be  dismissed  for  12  months" ;  yet  the  flood  of  1904  was  a 
low  one,  and  the  low-8t{^^  supply  promises  to  be  exceptionally  low.  .Looking 
at  the  meteorological  data,  at  do  time  after  April  was  there  any  evidence  that 
the  Abyssinian  rainfall  was  likely  to  be  heavy. 

The  following  Table  V  shows  that  in  N'orthero  Egypt  and  Arabia  pressure 
was  in  excess  in  April  and  May,  and  in  June  all  stations  show  the  same ;  by 
this  time  the  slight  deficiency  in  the  river  level  at  Wadi  Haifa*  in  April 
and  May  had  disappeared,  but  the  high  pressure  in  June  rendered  it 
improbable  that  the  rainfall  of  that  month  in  Abyssinia,  which  would  affect 
the  Nile  at  Wadi  Haifa  in  July,  would  be  above  the  average.  In  July, 
conditions  were  more  favourable,  and  rains  were  plentiful,  but  in  August, 
high  pressure  again  set  it,  and  in  Abyssinia  rains  were  very  scanty,  so  that  the 
mean  level  of  the  nver  at  Wadi  Haifa,  was  S3  cm.  below  the  average  in 
September. 

In  Table  YI  the  mean  10-day  readings  of  fioseiree  and  Khartoum  on  the 
Blue  Nile,  and  of  Khashm-el-Girba  and  Berber  for  the  Atbara,  are  given  for 
1903  and  1904.  These  shof^  clearly  that  in  June  the  river  was  low  and  rising 
slowly  until  the  last  week  of  June,  when  the  level  rose  markedly,  and  this 
continued  throughout  July,  until  the  beginnii^  of  August ;  then  a  rapid  fall 
took  place  as  the  rains  weakened  in  consequence  of  the  unfavourable  higli 
pressure  conditions,  and  as  these  continued  throughout  the  month,  it  soon 
became  clear  that  the  flood  would  be  a  feeble  one. 


Table  V.- 

-Monthly  Pressure  Anomalies,  1904. 

Pbce. 

Much. 

ApriL 

May. 

June. 

Julj. 

Aug. 

B*pt. 

-1-00 
-IW 
-0-80 
-0« 
-0-70 
-0-85 
-0-30 
-1-23 

-17 

+  0-30 
+  0-10 
-0-60 

0 
+  0  10 
-0-66 
-0-98 

+  0-S0 
+  1-00 
-0-30 
-0-86 
+  0-90 
-0-6S 
-0-78 

+  0-^ 
-0-10 
+  0-98 
+  0-G6 
+  0-36 
+  0-28 
+  0  1S 

+  078 
-0-70 
-0-88 
-0-28 
-0  « 
-0-58 
+0-06 

+  0-88 
+  0-40 
+  0-60 
+  0-45 
-1-00 
+  0-28 
+  0-20 

Qtimetrea. 
-42 

+  1-06 
+  0-70 
+  0-88 
+  1-22 
+  0-82 
+0-70 
+  1-80 

-88 

Wttdi  Haifa  HUe 

DiSorenoe 
-18 

from  mm 

-7 

of  1891  t( 
0 

1902  inn 
-26 

*  The  AswBii  caonot  be  used,  m  in  the*e  months  the 
t  After  April  tokea  from  Dailv  Weather  Keports. 
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liesearchea  on  some  of  the  Fhysiotogical  Processea  of  Oreeo  Leaves,  with 
special  E«fereiice  to  the  Interchange  of  Energy  between  the  Leaf 
ftnd  its   Surroundings.      Bj  HoBACE    T.  Brown,  LL.D.,  F.R.S.,  and 

F.  ESCOUBL 

■On  a  New  Method  for  the  Determination  of  Atmospheric  Carbon  Dioxide, 
based  on  the  Bate  of  its  Absorption  hj  a  Free  Surface  of  a  Solution  of 
Caustic  Alkali    By  Hobacb  T.  Brown,  LL.D.,  F.B.3.,  and  F.  Escohbb. 

■On  the  Yariations  in  the  Amount  of  Carbon  Dioxide  in  the  Air  of  Eew 
during  the  Tears  1898—1901.  By  Horace  T.  Browh,  LLD.,  F.RS., 
and  F.  Escohbb. 

On  the  Tliermal  Ekniseivit^  of  a  Green  Leaf  in  Still  and  Moving  Air.  By 
HoRACl  T.  Browh.  LLD.,  F.R.S.,  and  W.  E.  Wilson,  D.8c,  F.RS. 


These  papers,  which  fonned  the  bairis  of  the  Bekerun  Lectore,  delivered  by  Dr. 
Horace  T.  Brown,  on  M&rch  83, 1906,  are  published  in  Series  B  of  '  Proceedings,'  April, 
1906. 
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Sec.  1. — Iwtroduetion. 

As  Professor  Kutherford  and  Mr.  Soddy  have  pointed  out,  the  study  of 
radio-active  minerals  is  one  of  the  most  promising  methods  of  attacking  the 
problem  of  the  connection  between  the  radio-active  elements,  and  the  nature 
of  the  ultimate  inactive  products  of  their  change.  For  in  these  substances  we 
have,  as  it  were,  a  laboratory  in  which  the  changea  have  been  in  progress  for 
immeuse  periods ;  there  is,  therefore,  a  fair  chance  of  obtaining  the  ultimate 
products  in  measurable  quantity.  In  many  cases  the  life  of  a  product  is  email 
in  comparison  with  the  ^e  of  the  mineral  We  may  then  expect  to  find  it 
present  in  different  minerals  in  a  quantity  proportional  to  the  amount  of  its 
parent.  In  this  way  the  connection  can  be  made  out.  Finally,  even  when 
the  changes  are  too  slow  for  equilibrium  to  have  been  reached,  the  constant 
association  of  two  substances  may,  none  the  less,  give  a  valuable  clue  to  their 
relative  position  in  the  series  of  radio-active  products.  The  present  paper  is 
a  contribution  to  this  subject  It  deals  with  the  amount  of  uranlumr 
radium,  thorium,  and  helium  in  the  minerals. 
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Sec  2. — Methods  of  Analtjsis. 
The  uranium  in  the  miDerals  waB  detennined  by  the  ordiaary  methods  of 
chemical  analysis.     The  majority  of  the  analyses  were  made  for  me  by 
Mr.  Kitto,  of  31,  St.  Swithin's  Lane,  KC.     Mr.  H.  J.  H.  Fenton,  F.R.S.,  has 
also  most  kindly  helped  me  with  this  part  of  the  work. 

The  radium  was  determined  by  means  of  its  emanation.    A  weighed 
portion  of  the  mineral  was  decomposed,  usually  by  fusion  with  borax  to  » 
clear  glass.  The  residue  was  dissolved  in  dilute 
hydrochloric  acid,  in  a  small  flask.    The  solu- 
tion was  boiled  under  a  condenser  for  an  hour,         -^ 
.to  thoroughly  expel  all  radium  emanation.  The 
flask  {a  in  the  figure)  was  then  attached  air- 
tight to  the  apparatus  shown ;  &  is  an  inverted 
condenser,  communicating  through  the  stop- 
cock, c,  with  the  bulb,  d.    The  latter,  in  its 
turn,  communicates  through  a  stop-cock,  e,  with 
a  mercury  pump,  arranged  for  the  collection  of 


The  flask  was  allowed  to  stand  for  a  day ; 
the  quantity  of  emanation  generated  in  that 
time  measures  the  amount  of  radium  present. 
Id  order  to  collect  this  emanation,  the  bulb,  d, 
previously  exhausted,  and  abut  off  from  the 
pump,  was  placed  in  communication  with  the 
condenser,  I,  and  the  flask,  a.  The  air  previously 
in  a  and  b  partially  flowed  into  d.  In  this  w;iy 
the  pressure  in  a  was  reduced,  aud  the  liquid 
in  it  could  be  boiled  without  fear  of  generating 
excessive  pressure  inside.  The  emanation  ex- 
pelled by  boiling  mixed  with  the  air  in  a  and  b. 
The  liquid  evaporated  from  a  condensed  in  b, 
and  ran  back. 

After  the  boiling  had  continued  for  an  hour, 
the  emanation  was  completely  expelled.  Teat 
experiments  have  proved  this.  The  flask,  a, 
was  then  rapidly  cooled  with  cold  water ; 
when  cold,  the  air  mixed  with  emanation  was 
completely  extracted  by  the  pump,  and  collected 
in  a  tube  over  mercuiy. 
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To  measure  the  ainriuDt  of  emanation,  this  air  was  introduced  into  a 
previously  exhausted  gold-leaf  electroscope.* 

The  volume  of  the  electroscope  exceeded  that  of  the  air  containing 
fflnanation.  When  the  latter  had  been  introduced,  ordinary  air  was  admitted 
to  atmospheric  pressure. 

The  electroscope  was  allowed  to  stand  for  three  hours,  in  order  to  let  the 
active  deposit  attain  its  eq^uilibrium  value.  The  rate  of  leak  was  then  taken, 
the  same  20  divisions  of  the  microscope  scale  being  always  employed.  A 
correction  was  applied  for  the  rate  of  leak  of  the  electtoecope,  when  filled 
with  air  only. 

I  shall  not  give  the  detailed  data  for  all  the  experiments,  but  only  the 
final  result  One  case,  however,  may  be  given  in  detail,  for  the  sake  of 
example. 

Machymte,  Ural  Mountains — 

Quantity  taken    0*484  gramme. 

Leak  due  to  emanation  collected  in  24  hours — 

20  div.  in  3  m.  44  s.,  3  m.  35  s.,  3  m.  41  s. 
Mean 3m.  408. 

Thus  rate  of  leak  =  327  div.  per  hour. 

With  air,  the  rate  of  leak  was  7  div.  per  hour. 

Subtracting  this,  corrected  rate  =  320  per  hour  or,  per  gramme  of  the 
mineral,  660  per  hour. 

A  second  determination,  on  about  twice  the  quantity,  gave  647  per  hour. 

On  collecting  a  day's  emanation  a  second  time  from  the  same  portion  of 
the  mineral,  the  original  value  is  recovered  with  a  discrepancy  of  not  more 
than  4  per  cent. 

The  method  described  gives  only  a  relative  measure  of  the  amount  of 
radium  present.  To  reduce  it  to  absolute  measure,  the  following  method  was 
employed. 

Ten  milligrammes  of  radium  bromide,  sold  as  pure,  was  employed  as  the 
ultimate  standard  of  reference.  This  was  placed  near  an  electroscope,  a  plate 
of  lead  1*5  cm.  thick  being  interposed. 

The  rate  of  leak  due  to  the  radium  was  924  scale  diviooos  per  hour, 
produced,  of  course,  by  the  7  rays.  The  tube  of  pure  radium  bromide  was 
now  removed,  and  a  tube  containing  1'896  grammes  of  a  much  less 
concentrated  preparation  was  substituted.     This  produced  a  rate  of  leak  of 

*  In  doing  this,  the  methoda  of  gu  manipulation  derelop«d  t^  Sir  W.  BamtKy  uid 
Dr.  Ti»v«r«  were  employed. 


d  by  Google 


1905.]  On  tfte  Radio-active  Minerals.  91 

only  7*4  scale  divisions  per  hour.    Since  the  rays  concerned  in  this  experiment 

were  able  to  penetrate  a  thick  leaden  block,  we  may  neglect  their  absorption 

iu  the  radio-active  materi^  itself,  and  in  the  gloss  tube  containii^  it.    Thus 

the  rate  of  leak  becomes  a  measure  of  the  total  amount  of  radium  bromide 

present    Tlie  amount  of  radium  bromide  present  in  1  gramme  of  the  weaker 

0*0 1  X  7'4 
preparation  is  accordingly         — ^^  =  424 x  10~'  gramma 

Having  determined  the  value  of  the  weaker  preparation  in  this  way, 
46  mill^rammes  of  it  were  weighed  out,  and  dissolved  in  water.  The  solution 
was  made  up  to  100  c.c,  and  5  c.c.  (=  2'3  milligrammes)  withdrawn  with  a 
pipette.  This  5  cc.  of  solution  was  placed  in  a  flask,  and  the  rate  of  leak,  due 
to  one  day'a  accumulation  of  ite  emanation,  wifi  measured,  as  in  the  case  of 
the  decomposed  minerals. 

The   corrected   value   was   644   scale   divisions   per  hour.     Thus  1  scale 

division  per  hour  corresponds  to  ^jj '-  =  151  x  10"'"  gramme 

radium  bromide. 

It  may,  perhaps,  seem  at  first  sight  to  have  been  superfluous  to  use  the 
weaker  preparation,  instead  of  working  straight  from  the  pure  one,  diluting  it 
to  the  necessary  extent. 

The  weighing  out  of  pure  radium  salts  is,  however,  an  undesirable  operation, 
even  if  a  suitable  balance  for  such  work  had  been  at  hand,  which  it  was  not. 
For  there  is  always  the  risk  of  loss  of  the  valuable  salt,  with  the  attendant 
disadvantage  of  making  the  laboratory  unfit  for  experiments  in  radio-activity. 
With  the  method  adopted,  it  was  not  necessary  to  remove  tJie  salt  from  the 
hermetically  sealed  vessel  which  contained  it. 

The  reduction  of  the  radium  determinations  to  absolute  measure  is  subject 
to  the  assumption  that  the  standard  specimen  of  radium  bromide  contained 
10  milligmmmes  of  the  pure  material.  This  I  cannot  vouch  for  personally, 
but  it  is  not  likely  to  be  far  from  the  truth.  The  relative  measurements  of 
the  quantity  of  radium  are  not  subject  to  this  source  of  uncertainty,  and  they 
alone  are  principally  concerned  in  this  investigation. 

In  stating  the  results,  I  shall  express  them  as  percentages  of  radium 
bromide  in  the  mineral.  This  mode  of  expression  is,  of  course,  a  fiction  in 
one  sense,  as  there  is  probably  no  bromine  in  the  mineral  But  the  fiction  is 
convenient,  as  the  actual  standard  of  comparison  is  bromide,  and  all  that  ia 
meant  is  that  the  percentage  of  radium  is  what  would  be  contained  in  that 
percentage  of  bromide. 
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Seferviinalion  of  Thorium. 

The  amount  of  thorium  in  a  mineral  can,  of  coutBe,  be  <lelennined  by  the 
orthodox  methods  of  chemical  analysis.  The  determination  is  not,  however, 
an  easy  one,  and  cases  are  on  record  where  even  experienced  analysts  have 
been  altogether  mistaken  as  to  the  proportion  present.  For  this  reason,  and 
also  to  economise  time,  I  have  determined  thorium  in  the  mineral  by  means 
of  the  thorium  emanation.  A  weighed  portion  of  the  mineral  was  brought 
into  solution.  The  solution  was  placed  in  a  long  glass  tube  slightly  inclined 
to  the  horizontal  Air  could  be  drawn  by  means  of  a  filter  pump  through  the 
tube,  and  carried  the  thorium  emanation  with  it,  into  a  well  insulated  testing 
vessel,  connected  with  an  eleotroacope. 

The  solution  was,  in  each  case,  made  up  to  a  standard  volume,  and  the  air 
current  was  quite  constant,  since  the  pump  was  supplied  from  a  shallow 
cistern  overhead,  giving  a  constant  water  pressure. 

Thus  the  circumstances  under  which  the  bubbling  took  place  were  in  each 
case  the  same.  It  was  found  that  the  rate  of  collapse  of  the  electroscope* 
was  proportional  to  the  amount  of  thorium  present  in  the  solution. 

The  majority  of  the  minerals  contained  radium  as  well  as  thorium.  It  is 
necessary  to  inqnire,  therefore,  whether  any  part  of  the  effect  attributed  to 
thorium  emanation  might  have  been  really  due  to  radium  emanation.  When 
the  bubbling  commenced,  after  the  tiolutiou  had  stood  for  some  time,  there 
was  a  perceptible  effect  due  to  accumulated  radium  emanation,  but  this  soon 
passed  off.  The  readings  for  thorium  were  not  taken  until  the  bubbling  had 
continued  long  enough  to  wash  out  all  accumulated  radium  emanation,  so  that 
the  rate  of  leak  no  longer  diminished.  One  hour  amply  sufficed  for  this. 
The  radium  emanation  was  not  generated  fast  enough  to  produce  a  measurable 
effect,  after  the  accumulation  had  been  got  rid  of.  This  was  conclu-sively 
shown  by  the  behaviour  of  minerals  like  Joachimsthal  pitchblende,  containing 
much  radium  and  no  thorium. 

To  reduce  the  thorium  determinations  to  absolute  measure,  it  is  necessary 
to  make  use  of  a  preparation  of  known  thoria  percentile.  I  did  not  find 
commercial  thorium  nitrate  of  sufficient  purity  for  the  purpose,  and  have 
therefore  employed  the  thorium  mineral  from  Ceylon,  called  thorianite. 
Concordant  analyses  of  this,  made  at  the  Imperial  Institute,  and  in 
Sir  William  Kamsay's  laboratory,  show  that  it  contains  about  77  per  cent, 
of  thoria.    Different  samples  do  not  vary  much  amongst  themselves. 

0'153  gramme  of  this  mineral  gave  a  rate  of  leak  of  360  scale  divisions  per 

*  Corrected,  of  coune,  for  it*  natural  rate  of  colt&pse. 
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hour.  Corrected  for  the  normal  leak  of  the  electroscope  this  becomes  346. 
Thus  1  scale  division  per  hour  represents  0'153  x  0-77/346,  or  3-41  x  10"* 
gramme  of  thorium  oxide. 

The  following  example  may  be  quoted,  to  illusti-ate  the  determination  of 
thoria  by  this  method.  1*046  of  grammes  of  samarskite  from  North  Carolina 
was  brought  into  solution.  Air  bubbled  through  it  gave  a  rate  of  leak  of 
58-7,  or  corrected,  44'7. 

Thus  the  rate  of  leak  per  gramme  is  447/1-046,  or  42*7,  and  the  thoria 
percentage  is  42-7  X  '0341,  or  1-46. 

DetemiimUion  of  Helium, 

For  this  determination  the  method  described  by  Br,  Travera*  was  employed. 
It  consists  in  placing  a  weighed  portion  of  the  powdered  mineral  in  a  glass 
tube,  with  strong  sulphuric  acid,  Uie  powder  being,  however,  initially 
supported  out  of  reach  of  the  latter.  The  tube  is  exhausted  and  sealed.  It 
is  then  inverted  and  shaken,  so  that  the  acid  is  brought  into  contact  with  the 
powder.  The  tube  is  then  heated  in  an  air  bath  to  200°  C„  until  the  mineral 
is  seen  to  be  completely  decomposed.  This,  in  some  cases,  occurs  very 
quickly.  In  others,  it  takes  as  long  as  a  week.  The  gases  are  extracted  by 
means  of  a  mercury  pump,  the  tip  of  the  sealed  tube  being  broken  off  inside 
an  indiarubber  connection. 

The  helium  thus  extracted  is  almost  invariably  mixed  with  other  gases.  To 
remove  them  it  is  necessary  to  mix  with  oxygen  and  spark  the  mixture  over 
caustic  soda.  Tliis  was  done  in  a  gas  burette  with  platinum  wires  sealed  in. 
When,  on  prolonged  sparking,  no  further  contraction  could  be  detected,  the 
excess  of  oxygen  was  removed  by  bubblii^  the  gas  up  into  a  tube  with 
a  little  melted  phosphorus  floating  on  the  top  of  the  mercury. 

The  residue  was  measured  as  helium.  In  those  cases  where  it  amounted  to 
1/5  of  a  cc.  or  more,  this  was  done  in  a  gas-measuring  tube  of  very  small 
diameter,  graduated  in  millimetres,  and  cahbrated.  Smaller  quantities  were 
measured  in  the  capillary  syphon  of  the  ga?  burette.  The  cross  section  of 
this  capillary  was  known,  so  that  the  length  of  the  piston  of  gas  (confined  by 
mercury)  determined  the  volume ;  in  taking  the  measurement  the  levels  were 
arranged  so  that  the  pressure  was  atmoapheric 

It  would,  no  doubt,  have  added  to  the  completeness  of  the  investigation  if. 

the  gas  had  been  spectroecopically  examined  in  each  case,  to  make  sure  that 

it  did  really  consist  of  helium  and  nothing  else.    Some  uncertainty  attaches 

to  those  cases  where  the  quantity  of  residual  gas  was  less  than  1/10  of  a  c.c. 

*  <  The  Study  of  Qasee.' 
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per  gramme,  and  I  am  not  able  to  feel  any  confidence  in  the  nnmbeis  given  for 
quantities  smaller  than  thie,  except  as  superior  limitB  to  the  quantity  of 
helium  which  can  be  present.  It  would  not  bo  difflcnlt  to  make  certain  ot 
quantities  much  smaller  than  this,  by  starting  with  a  sufficiently  lai^  quantity 
of  the  mineraL  But  such  determinations  do  not,  as  will  be  seen  in  the  sequel, 
at  present  promise  information  of  special  valu&  The  present  experiments 
may  be  relied  on  as  determining  how  much  helium  is  present  in  the  minerals  in 
those  cases  where  the  quantity  of  gas  exceeds  1/10  cc.  per  gramma  In  some 
experiments  the  helium  was  sparked  again  with  oxygen  and  measured  a  second 
time.  But  no  perceptible  alteration  of  volume  occurred.  This  proved  the 
completeness  of  the  purification. 

Determination  of  Total  Activity. 
In  addition  to  the  determinations  already  mentioned,  the  activities  of  the 
powdered  minerals  were  compared  in  the  ordinary  way,  by  means  of  the 
electroscope,  with  that  of  uranium  oxide  UgOg.  Such  observations  do 
not  admit  of  any  very  simple  interpretation,  particularly  not  in  the  case  of 
thorium  minerals,  where  Che  leak  observed  depends  mnch  more  on  the 
emanating  power  than  on  the  percentage  of  thorium  present.  Nevertheless 
it  must  not  be  forgotten  that  observations  of  this  kind  led  to  the  discovery 
of  radium,  and  it  woald  be  a  mistake  to  despise  them. 

Sec.  3. — E-qHrimeiUai  ReauUB. 
Having  explained  the  methods    adopted  for    determining    the    various 
constituents,  the  results  may  now  be  tabulated  (see  p.  95). 

Sec.  4 — Conntction  between  Uranium  and  Badivm. 
While  this  investigation  was  in  progress,  Mr.  B.  Boltwowl  published  some 
measurements,  from  which  he  concluded  that  the  amount  of  radium  in  a 
mineral  was  approximately  proportional  to  the  uranium.*  The  most 
interesting  conclusion  of  the  present  investigation  was  in  this  way  antici- 
pated. Additional  confirmation  of  a  conclusion  so  important  is  not,  however, 
superfluous,  and  the  numbers  given  above  amply  afford  it.  The  ratio  of 
radium  to  uranium  is  given  in  the  last  column  of  the  table,  and  variee  very 
little  for  the  differeut  minerals.  The  only  notable  exception  is  in  the  p3at>- 
morphite  previously  examined  by  M.  Banne.  Mr.  Fenton  has  very  kindly 
confirmed  the  conclusion  that  this  contains  no  trace  of  uranium.    M.  Danne 

*  '  Am.  Jour.  Scdence,'  vol.  18,  p.  87. 
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haa  given  reasons  for  thinkii^  that  in  this  caae  the  radium  has  been  intro- 
duced from  extraneous  sources  by  infiltrating  wat«r.  It  may  be  that  the 
alight  discrepancies  in  the  ratios  found  for  the  other  minerals  are  referable 
to  similar  causes.  As  to  the  reality  of  these  discrepancies  I  cannot  vouch 
personally,  not  having  made  the  uranium  determinations  myself. 

The  investigation  has  brought  out  the  presence  of  uranium  in  several 
minerals — monazite  and  kolm,  for  instance,  which  were  not  previously  known 
to  contain  it.*  One  of  the  monazites  (from  Virginia,  U.SA.)  does  not  appear 
to  contain  as  much  uranium  as  it  should.  There  should  be  03  per  cent. 
UgOg ;  whereas  the  actual  quantity,  as  roughly  estimated  by  Mr.  Fenton,  was 
O'l  per  cent.  It  is,  however,  difficult  to  even  detect  such  a  small  quantity  of 
uranium  in  presence  of  phosphoric  acid,  so  not  much  stress  can  be  laid  on  the 
discrepancy. 

Sec.  5. — The  Presence  of  Thorium.     (Amended  March  6.) 

Thorium,  it  will  be  observed,  seems  to  be  iuvajiably  accompanied  by  the 
uranium-radium  association.  I  have  searched  in  vain  for  a  thorium  mineral 
free  from  radium,  though  many  more  than  those  mentioned  above  have  been 
examined.  Uranium-radium  minerals  free  from  thorium  are  easily  to  be 
met  with.  But  never,  so  far  as  my  experience  goes,  the  converse.  The  ratio 
varies  within  wide  limits ;  but  still,  the  fact  of  the  association  of  these  rare 
substances  seems  to  be  suggestive. 

Thorium  is  radio-active ;  it  is,  therefore,  presumably  changii^  into  some- 
thing. Professor  Sutherford  has  estimated  the  time  which  half  of  a  given 
quantity  of  thorium  takes  to  disintegrate  at  3  x  10*  yearaf 

We  may,  without  improbability,  assume  as  a  working  hypothesis  that 
these  minerals  are  not  less  than  30  million  years  old.  In  that  time,  about 
)  per  cent  of  the  thorium  would  have  changed,  so  that  the  resulting  product 
should  have  accumulated  in  weighable  quantity.  Helium,  as  we  shall  see,  is 
probably  a  product.  But  it  seems  unlikely  that  the  greater  part  of  the  debris 
takes  this  form,  for  the  theory  now  most  in  favour  (though  very  far  from 
proved)  is  that  the  expelled  a  particles  constitute  the  helium — that  it  is,  in 
fact,  a  collateral  product,  not  in  the  main  line  of  descent. 

What,  then,  is  the  most  likely  product  ?  Uranium  seems  to  fulfil  some 
requirements,  for  it  is,  as  we  have  seen,  invariably  present  with  thorium,  and 

•  See,  for  instance,  "  Lea  Terres  Bares,"  by  P.  Truchot,  where  many  analyses  of 
monazite  are  given,  but  none  indude  uranium. 
+  '  Pha  Trane.,'  A,  vol.  20^  p.  209. 
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is  fairly  rare,  like  its  assumed  patent  The  exiatence  of  urauium  minerals 
iu  which  thorium  does  not  occur,  presents  no  difficalty.  For  the  rate  of 
disintegration  of  uranium  is  bo  email  that,  unlike  radium,  it  may  well  be  old 
enough  to  have  or^lnated  in  situations  very  different  from  those  in  which 
we  find  it.  We  cannot  expect  that  the  urajiium  should  be  proportional  to 
the  thorium,  for  the  minerals  are  probably  not  old  enough  for  radio-active 
equilibrium  between  these  constituents. 

The  really  serious  objection  to  this  view  is  that  the  atomic  weight  of 
thorium  (232*5),  is  commonly  taken  to  be  greater  than  that  of  uranium 
{238'5).  Professor  McLeod  has,  however,  drawn  my  attention  to  a  paper  by 
Baskerville,*  in  which  he  finds  that  thorium  contains  a  constituent  of  higher 
atomic  weight  (256)  than  uranium  (238'5).  If  this  result  should  be  confirmed 
by  further  investigation,  the  objection  will  be  removed 

The  view  above  explained  is  not  one  which  I  wish  at  all  to  press.  It 
seems,  however,  to  have  sufficient  experimental  support  to  be  worthy  of 
mention.  It  is  quite  possible  that  one  of  the  cerium  metals,  not  uranium, 
is  tJie  next  fairly  permanent  descendant  of  thorium ;  for  these  metals  are 
almost,  if  not  quite,  always  found  with  it  The  question  of  this  latter  asso- 
ciation deserves  further  experimental  inquiry.  I  have  not  found  the  analyses 
quoted  in  mineralogical  works  of  much  use  except  to  suggest  which  minerals 
would  repay  investigation.  For,  if  not  made  with  a  view  to  the  particular 
inquiry,  the  essential  point  is  very  liable  to  be  missed.  The  existence  of 
small  quantities  of  cerium  metals  with  thorium  might  easily  be  overlooked, 
for  instance,  if  attention  were  not  concentrated  on  the  question  of  whether 
they  were  present. 

Sec.  6.— The  Prese-nce  of  Helium. 

EstimcUe  of  the  Age  of  the  Mineioia. — The  principal  point  iu  connection 
with  helium  brought  out  by  these  determinations  is  the  way  in  which  it 
is  associated  with  thorium.  In  no  case  is  any  mineral  found  to  contain 
more  than  a  trace  of  helium,  unless  it  contains  thorium  alsa  This  is  sti'ong 
evidence  that  the  greater  part  of  the  helium  has  been  produced  by  thorium. 
To  bring  the  point  out  more  clearly,  the  minerals  are  re-arranged  in  the 
following  table,  in  order  of  helium  content: — 


•  '  J.  Am.  Chem.  Soc.,'  1904,  vol  26,  p.  922  ;  see  also  "  iteport  of  International  Com- 
mittM  on  A^tomic  Weights,"  'Proc  Chem.  Soc.,  vol.  St,  No.  88B,  January  18, 190S. 
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Locality. 


Helium, 
cubic  centi- 

metrea 
per  gramme. 


Thorium 
oxide, 
per  cent. 


Thorianite 

Gadolinitel  .. 
Monazite  II  . . 

Monazite   

Monazite  I 

Samarskite 

Monazite    

Cyrtolite    

.^Iscfaynite 

.^Ischynite 

Monazite   

Euxenite    

Sipilite  

Orangite    

Pitchblende  .. 
Pitchblende  .. 

Cnpro-uranite. 
Pitchblende  .. 

Microlite    

Pyromorphite 
Gamotite  


Ceylon   

Ytterby 

Norway 

Virgini* 

Norway 

N.  Carolina   

Fahlun  

Llano  Co.,  Texas  

Hitteroe,  Norway 

Ural  Mountains     

Brazil 

Arendfll,  Norway 

Little  Friar  Mountain 

Brevig   

Joachimsthal 

Qram  pound    Boad,    Corn- 
wall 

Cornwall   

Cornwall    

Virginia 

laay  E'EvSgue  -- 

Montrose  Co.,  Colorado 


8-9 
2-43 
2-41 
1-57 
1-54 
1-50 
1-40 
1-15 
109 


77-0 
8-60 
1-21 
2-43 
0-650 
1-46 
0-80 
505 
1-26 
818 


0-81 

1-64 

0-73 

1-96 

0-58 

4-92 

0-11 

48-5 

0-107 

0 

0-10 

0 

0-10 

0 

0-08 

0 

006 

0 

002 

0 

0-01 

0 

I 


It  will  be  noted  that  although  when  much  helium  is  found,  thorium  ia 
found  also,  the  converse  does  not  hold.  For  orangtte,  the  second  richest 
thorium  mineral,  contains  very  little  helium.  This,  however,  does  not 
appreciably  weaken  the  evidence  in  favour  of  the  view  that  thorium 
produced  helium,  for  the  conditions  in  this  mineral  may  not  have  been 
favourable  to  the  retention  of  helium  when  formed.  Even  apart  from  this 
consideration,  no  definite  quantitative  relation  between  helium  and  thorium 
or  between  helium  and  radium  can  be  expected,  for  the  helium,  which  is  an 
inactive  product,  will  accumulate  indefinitely,  and  will  not  come  to  radio- 
active  equilibrium,  decaying  as  fast  as  it  is  generated.  Everything,  therefore, 
depends  on  how  long  the  process  has  been  at  work.  It  is  curious  to  note  how 
little  helium  even  the  richest  radium-uranium  minerals  seem  to  contain,  when 
they  do  not  contain  thorium  toa  This  suggests  that,  since  the  production 
of  helium  from  radium  has  been  observed  experimentally,  the  same  experi- 
ment might  be  practicable  with  a  manageable  quantity  of  thorium.    I  have 
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searched  in  vain  for  a  thorium  mineral  quite  free  from  radium ;  some  of 
the  mouazites,  however,  in  the  above  list,  contain  only  very  little  radium, 
but  much  helium.  In  fact,  the  monazite  of  lowest  radium  content  has,  as 
it  happens,  the  most  helium  of  aU.  This  all  goes  to  strengthen  the  con- 
clusion that  thorium  produces  helium.  I  have  examined  the  list  of  helium 
bearing  minerals  given  by  Sir  William  Bamsay.*  In  no  case  has  helium 
been  found  in  a  mineral  not  known  to  he  radio-active. 

If  we  could  assume  that  helium  was  produced  by  radium  only,  and 
that  amount  of  radium  remained  constant,  then  the  amount  of  helium 
in  a  mineral  would  obviously  give  an  inferior  limit  to  its  age — only  a  limit, 
because  the  helium  may  not  have  been  all  retained.  Take,  for  instance,  the 
mineral  thorianite ;  Bamsay  and  Soddyf  have  estimated  that  1  gramme  of 
radium  bromide  gives  0'0022  milligramme  of  helium  in  a  year.  One 
gramme  of  the  mineral  gives  8'9  c.c.  of  helium,  and  contains  3*04  x  10~^ 
gramme  of  radium  bromide.  This  quantity  of  radium  produces  in  a  year 
6'70xl0""  gramme  =  371  X 10"' C.C,  of  helium.  The  time  required  to 
produce     the     observed     amount     of     helium     would     be,    therefore, 

3-71  X 10-'  "^  ^'^  ^  ^^'  ^**"'  *^"*  2,000,000,000  years. 

Professor  Kutberford}  has  eatimated  the  time  of  decay  of  uranium  to 
lulf  its  initial  value  to  be  of  this  order  (10*  years),  so  that  there  is  reason 
for  thinking  that  the  amount  of  radium,  which  at  any  time  is  proportional 
to  the  uranium,  can  have  been  in  the  mean  very  materially  more  than  what 
it  is  now,  during  the  last  2,000,000,000  years. 

The  real  weakness  of  the  argument  lies  in  the  uncertainty  as  to  whether 
thorium  does  not  produce  helium.  As  we  have  seen,  the  probabilities  seem 
to  be  strong  that  it  does.  This  objection  does  not  apply  to  the  minerals 
free  from  thorium ;  one  of  the  Cornish  pitohbleudes,  for  instance,  contains 
4'85  X  lO''  gramme  of  radium  bromide  and  0*1  c.c  of  helium  per  gramme. 
The  ^e  in  this  case  cannot  be  less  than  1-68  xlO^  or  about  20,000,000 
years.    In  no  case  of  this  kind  is  a  much  laiger  age  limit  indicated. 

Sec.  7. — Thorium  EmawUing  Power  of  MineraU. 

I  have  given  above  the  determinations  of  thorium  made  by  bubbling  air 

through  a  solution  of  the  mineral.    It  was  interesting  to  determine  how 

far  the  powdered  mineral  would  serve  the  purpose,  whether,  in  fact,  the 

minerals  were  in  an  emanating  condiUon  or  not. 


«  de  Chimie,'  7th  SeriM,  vol.  13,  p.  440. 
+  '  Roy.  Soc  Proc,"  voL  70,  p.  363. 
J  '  Phil.  Trans.;  A,  vol  204,  p.  206. 
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A  piece  of  glass  tube, about  10  cm.  long  and  Oo  cm.  internal  diameter 
was  loosely  packed  vrith  the  powdered  mineral  confined  between  plugs  of 
cotton  wool,  and  air  was  drawn  over  it  at  &  eonatant  rate  through  a  testing 
vessel  as  when  the  solution  was  used.  The  comparative  rates  of  leak  were 
as  in  the  followii^f  table.  The  thoria  percentages  are  given  for  com- 
parison : — 


Mineral. 

Locality. 

Thorium  oxide, 
percent. 

Thorium 

power, 
arbitrary  scale. 

■ 

Ceylon 

770 

48-5 
8-60 
8-18 
6  05 
4-92 
2-43 
1-96 
1-54 
1-46 
1-26 
1-21 
0-80 
0-650 

6880 

242  0 

50-0 

400 

1248-0 

1400 

1440 

208-0 

2-7 

5-0 

3-0 

610-0 

688-0 

Oraneit* 

Brevig    

rtrrt/>Ht« 

Sit^te 

Little  Friar  Mountain 

N.Carolina    

.^Dschynite 

Monazite  II  

Hitteroe    

Fahlun 

1 

It  will  be  seen  that  there  oi'e  very  great  variations  between  the  cmauating 
power  of  the  solid  and  the  emanating  power  of  the  solution.  In  some  cases 
a  much  greater  fraction  of  the  emanation  generated  by  the  solid  can  escape, 
than  in  others.  Some  of  the  minerals  are,  in  fact,  in  a  de-emanated  condition, 
others  are  not.  The  emanating  power  of  the  solid  cannot  be  trusted  even  as 
a  rough  quantitative  test  of  the  amount  of  thorium  present  None  the  less, 
it  forms  a  very  valuable  indication  of  the  presence  of  this  element,  though 
of  no  use  to  prove  its  absence.  Granted  the  apparatus  ready  for  use,  it  i» 
possible  in  many  cases  to  prove  the  presence  of  thorium  in  as  many  minutes 
ae  the  chemical  tests  would  require  days. 

Sec  8. — Condusum. 

There  are  two  outstanding  radio-active  substances  which  are  not  included 

in  the  present  investigation,   actinium  and   polonium.      With  regard  to 

actinium,  I  have  not  attempted  anything.     There  is  no  practical  way  of 
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determining  this  constituent  at  present ;  the  actinium  emanation  would 
give  the  beet  chance,  but  actinium  is  so  scarce  that  in  most  cases  there 
would  probably  be  sufficient  traces  of  thorium  to  mask  its  presenca  The 
chemical  separation  of  these  elements  is  unfortunately  by  no  means  easy. 

I  have  made  a  good  many  experimente  on  polonium ;  this  pact  of  tlie 
investigation  is  incomplete,  bat  it  does  not  seem  desirable  to  defer  publication 
longer,  so  that  the  conclusions  must  be  reserved  for  a  future  communication. 

I  have  not  yet  succeeded  in  working  out  a  satisfactory  method  of  measuring 
the  amount  of  polonium  in  a  mineral.  Experiments  are,  however,  in  progress 
to  determine  the  rate  of  decay  of  the  active  matter  which  deposits  from 
solutions  of  the  several  minerals  on  to  a  bismuth  plate.  It  will  be  necessary 
to  wait  a  little  longer  for  conclusive  results,  but  the  measuremente  hitherto 
made  are  not  at  all  favourable  to  the  identity  of  the  bismuth-plate  deposits 
from  the  several  minerals. 

The  results  of  this  paper  may  be  summarised  as  follows : — 

(1)  The  conclusion  that  the  amount  of  radium  in  a  mineral  is  proportional 
to  the  uranium,  is  confirmed.  The  investigation  of  this  point  has  brought  to 
light  the  existence  of  uranium  in  some  minerals  not  previously  known  to^ 
contain  it,  monazite,  for  instance. 

(2)  It  is  shown  that  thorium  minerals  invariably  contain  the  uranium- 
radium  combination.  This  observation  is  difficidt  to  interpret,  but  it  may 
possibly  indicate  that  thorium  is  producing  uranium. 

(3)  Helium  never  occurs  except  in  very  minute  quantity  unless  thorium 
is  present.  The  helium  of  minerals,  therefore,  is  probably  produced  more 
by  thorium  than  by  radium. 

(4)  Thorium  minerals  vary  much  in  emanating  power.  Some  retain  nearly 
all  their  emanation,  others  give  off  lai^  quantities. 

In  conclusion,  I  must  express  my  thanks  to  several  kind  friends  aud 
correspondents,  who  have  given  me  samples  of  minerals,  including  Professor 
J.  W.  Mallet,  Sir  W.  Eamsay,  the  late  Mr.  W.  Shapleigh,  and  Mr.  John 
Laadin.  Mr.  H.  J.  H.  Fenton  has  most  kindly  helped  by  testing  some  of  the 
minerals  for  uranium. 
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The  Sate  of  Transmission  of  the  Guatemala  Eartliqvake, 
April  19,  1902. 
By  E.  D.  Oldham. 

(Communicated  by  Professor  John  Milne,  F.B.S.    Beceired  FebruarylO, — Bead 
March  9,  1905.) 

'  In  1900  I  showed,*  by  s  critical  examination  of  the  records  of  earthquakes, 
obtained  at  a  distance  &om  their  origin,  that  three  distinct  forms  of  wave 
motion  could  be  recognized,  to  which  1  applied  the  terms  first,  second  and 
third  phase,  and  that  these  travelled  along  different  paths  and  at  different 
speeds.  It  was  suggested  that  the  first  and  second  phases  represented  the 
outcrop  of  condensational  and  distortional  mass  waves,  which  had  travelled 
through  the  earth,  and  that  the  third  phase  was  due  to  waves,  partly  elastic  and 
partly  gravitational,  which  had  travelled  along  or  near  the  surface.  These 
explanations  have  not  been  universally  accepted,  and  alternative  suggestions 
have  been  made,  but  the  distinction  of  the  three  phases  has  been  generally 
recognized,  the  nomenclature  adopted,  and  the  first  two  phases  accepted 
as  mass  waves  travelling  through  the  earth.  This  last  conclusion  has  been  borne 
out  by  the  time-curves  published  by  Professor  Milne,  who,  using  data  whose 
greater  abundance  compensated  for  a  lesser  d^ree  of  precision,  deduced  a  set 
of  time-curves  essentially  identical  with  mine,  in  that  they  showed  a 
curvature  in  the  first  two  phases  which  is  only  compatible  with  the  supposi- 
tion that  they  belong  to  mass  waves.! 

In  Japan  these  conclusions  have  never  been  formally  traversed,  but  in  the 
more  recent  publications  of  that  conntry  we  find  that  no  less  than  eight 
phases  are  recognized,  and  designated  by  the  symbols  P^,  Pg . .  .  Pg ;  of  these 
P,  and  Pj  correspond  to  the  first  and  second  phases  of  the  last  paragraph, 
while  the  remainder  constitute  the  third  phase.  The  nature  of  these  third 
phase  waves  is  still  a  very  open  question,  and  it  is  doubtful  whether  there  is 
auy  real  difference  in  the  character  of  the  wave  motion  of  P,,  P^  P^,  etc., 
or  whether  we  are  not  dealing  with  waves  of  essentially  similar  nature,  whose 
rate  of  propagation  is  a  function  of  their  period ;  in  any  case  it  is  acknowledged 
that  these  waves  are  propagated  along  or  close  below  the  surface  of  the  earth. 
The  same  conclusion  is,  however,  also  adopted  for  the  first  two  phases,  and  the 

•  '  Pha  Trans.,'  A,  vol.  194,  pp.  130—174  (1900). 
i  '  Britieh  Assoc.  Sep.,'  IMS,  p^  66. 
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rectilinear  character  of  their  time  curves  apparently  eotablished  by  Dr. 
Imamura,  on  the  basis  of  a  large  number  of  observations.* 

As  this  point  ia  of  some  importance,  it  seems  desirable  to  devote  a  few 
words  to  tlie  consideration  of  the  nature  of  the  evidence  on  which  the  curves 
are  drawn.  I  find  that  of  85  earthquakes  dealt  with,  31  originated  in  or  near 
Japan,  and  no  record  except  that  at  Tokio  is  eiven ;  of  the  remainii^  54,  the 
time  and  place  of  origin  was  known  hj  direct  observation  in  only  five  cases,  in 
one  of  which  the  time  adopted  is  erroneous ;  in  three  more  the  place  but  not 
the  time  of  origin  was  known,  in  25  the  place  of  origin  is  only  approximately 
known,  and  in  21  it  is  inferred  from  observations  at  a  distance.  In  all  these 
49  earthquakes  the  time  of  origin  was  calculated  from  observations  at 
a  distance,  by  the  use  of  a  formula  based  on  the  assumption  of  a  uniform 
apparent  rate  of  propagation ;  in  these  circumstances  it  is  not  surprising  that 
the  resulting  intervals  show  a  close  approximation  to  a  rectilinear  time- 
curve. 

Of  the  five  earthquakes  whose  time  and  place  of  origin  were  supposed  to  be 
known  with  accuracy,  great  importance  is  attached  to  that  of  April  19,  1902, 
originating  in  Guatemala,  and  Dr.  Imamura  has  made  a  detailed  sCndyf  of  it 
which  he  r^;ards  as  supporting  his  views,  but  he  was  misled  as  to  the  time  of 
origin,  and,  moreover,  obtained  his  times,  other  than  those  of  commence- 
ments, from  figures  published  in  the  British  Associaiion  Earthquake  Circular, 
No.  6.  As  these  figures  are  printed  from  blocks,  which  were  drawn  from 
photographic  copies  of  the  ori^nal  traces,  the  times  obtained  from  them 
naturally  differ  from  those  obtained  by  direct  measurement  on  the  original 
trace,  or  on  a  photographic  copy  of  it. 

lu  these  circumstances  it  has  seemed  desirable  to  re-examine  the  records 
of  this  earthquake,  and  to  determine,  so  far  as  possible,  the  true  time  of 
arrival  of,  at  least,  the  fiifit  and  second  phases  of  wave  motion  at  all  stations 
where  they  were  recorded.  By  the  generosity  of  Professor  Milne,  who  placed 
at  my  disposal  not  only  the  photographic  copies  of  the  records  of  the  Milne 
pendulum  stations,  but  also  the  reports  from  other  observatories  and  tht^ 
correspondence  relating  to  the  time  of  or^in,  it  has  been  possible  to  compile 
a  record  of  this  earthquake  more  complete  than  has  yet  been  published  in  the 
C-ase  of  any  other. 

Sec.  2.  Definitions. — Before  proceeding  to  the  consideration  of  the  records 
it  is  desirable  to  define  the  exact  sense  in  which  the  words  first,  second,  and 
thiid  phase  are  used  and  interpreted  from  the  records. 

*  '  FnblicatioDB,  Earthq.  lovestigation  Comm.  Foreign  Idngoages,'  No.  16  (1904). 
t  'Publicatioua,  Eartliq.  Investigation  Comm.,'  No.  16,  p.  US 
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The firxt phase  is  normally  the  commencement  of  the  record:  as  exceptions 
we  may  find  that — 

(1)  The  instrument  Is  affected  by  tremors  before  tbe  normal  commence- 
ment, whether  these  belong  to  the  same  disturbance  or  an  independent  one. 

(2)  The  iaBtrument,  failing  to  respond  to  the  first  impulse  of  the  shock, 
may  respond  to  a  later  impulse  in  those  cases  where  die  disturbance  is  caused 
by  more  than  one  oi-ifjinal  iupulae. 

(3)  The  instrument  may  fail  to  respond  till  the  arrival  of  the  wave  motion 
due  to  the  second  or  third  phases. 

Each  of  these  causes  of  error  ie  easily  detected  when  a  number  of  records 
are  compared  with  each  other. 

The  disturbance  due  to  the  first  phase  is  seldom  of  more  than  small  ampli- 
tude in  tbe  case  of  instruments  recording  the  horizontal  components  of  the 
motion ;  in  the  vertical  component  of  the  Vicentini  instrument  the  disturb- 
ance due  to  this  phase  is  greater  than  that  of  either  of  the  other  twa 

The  second  phase  is  marked  by  an  abrupt  and  considerable  increase  in  tlie 
amplitude  of  the  disturbance.  In  the  case  of  pendula  of  five  seconds  or  letis 
in  period  the  maximum  amplitude  is  almost  invariably  found  in  this  phase ; 
the  vertical  component,  on  the  other  hand,  rarely  shows  even  the  slightest 
disturbance.  This  distinction  in  the  character  of  t^e  records  would,  in  itself, 
be  sufficient  to  show  that  the  first  and  second  phase  waves  were  very  difierent 
in  character.  On  instruments  giving  an  open  diagram,  the  period  of  the  waves 
in  this  phaae  is  always  longer  than  in  the  first  phase. 

The  third  phase  sets  in  with  long  period  waves,  followed  by  quicker,  but 
always  longer  period  than  met  with  in  the  first  two  phases.  In  larger 
disturbances,  at  least,  this  phase  is  always  accompanied  by  a  certain  amount 
of  surface  tilting,  though  this  is  apparently  much  less  than  was  supposed  a 
few  years  ago.  In  Europe  it  is  usual  to  give  the  time  of  maximum  amplitude 
of  disturbance,  and  the  practice  seems  useful,  although  the  importance  attached 
to  these  maxima  has  been  questioned,  and  they  have  been  regarded  as  diagram- 
matic, for  which  I  should  prefer  to  write  instrumental.*  The  researches  of 
Prince  Galitzint  and  Professor  Budzkil  have  shown  that  a  perfectly  friction- 
less  horizontal  pendulum  would  not  record  truly  a  regular  periodic  movement 
of  its  suppoH,  as  it  would  acquire  a  pendular  swing  of  its  own,  and  the 
record  would  be  a  combination  of  this  with  that  due  to  the  movement  of  the 
ground.     Seeing  that  the  desire  of  constructors  of  seismographs  has  always 

*  A.  IraunuiH, '  It«p.  Tokyo  Physico-Matbeniatical  Society,'  No.  30,  p.  1  (1904). 

+  'Comptes  Kendus  de  la  Comm.  Siamique  Fermanente,  SL  Petersburg,'  vol.  1, 
pp.  101—183(1902). 

J  'Beit(«ge  z.  Geophyaik,'  voL  6,  pp.  138—156  (1904). 
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been  the  most  complete  elimination  of  friction  that  they  can  attain,  it  is  not 
improbable  that  these  concluBions  apply  in  a  modified  manner  to  the  records 
of  seismographs ;  in  addition  it  must  be  remembered  that  there  is  probably 
no  defined  maximum  of  the  disturbance  recorded,  and  in  view  of  these  two 
considerations  it  is  possible  that  too  much  importance  has  sometimes  been 
attached  to  the  exact  time  of  maximum  amplitude  of  the  record.  On  the 
other  hand,  it  is  impossible  to  see  the  well-defined  maxima,  having  often  three 
or  font  times  the  amplitude  of  any  other  part  of  the  record,  which  are  not 
infrequent,  without  regarding  them  as  lecording  a  reality  rather  than  a 
mere  insti-umental  accident.  For  this  reason  I  have  followed  custom  in 
recording  the  time  of  maximum  displacement  in  the  third  phase. 

Sec  3.  Place  and  time  of  origin. — The  place  of  origin  can  be  determined 
with  sufficient  accuracy  from  the  maps  published  by  Messrs.  Bockstroh*  and 
-G.  Ei3eu.t  From  the  former  an  origin  may  be  deduced  as  in  about  N.  lat.  15°, 
W.  long.  92° ;  according  to  the  latter  in  N.  lat.  14°,  W.  long.  91"  30'.  For  the 
purpose  of  calculation  of  distances,  the  origin  has  been  assumed  as 
N.  Int  14"  30',  W.  long.  91°  15'. 

The  time  was  given  by  Mr.  Rockstroh,  on  the  strength  of  a  single  obser- 
vation, as  8.25  P.M.  local  time ;  this  was  the  time  used  by  Dr.  Imamura,  but 
fortunately  it  can  be  checked,  for  it  so  happened  that  a  block  of  buildings 
was  set  on  fire  by  the  overturning  of  a  lamp,  and  burut  down  at  this  time. 
The  buildiugs  were  insured  against  fire,  but  not,  as  stipulated  in  the  policy, 
against  fire  caused  by  earthquake,  and  it  became  a  matter  of  importance  to 
decide  whether  the  lamp  was  upset  by  the  earthquake,  as  claimed  by  the 
insurance  company,  or  before  the  earthquake,  as  claimed  by  the  owners ;  as  a 
consequence  of  this  dispute,  the  time  of  occurrence  of  the  earthquake  became 
the  subject  of  careful  inquiry,  and  the  time  finally  accepted  was  8.20  P.M. 
local  time.  The  time  used  throughout  the  Republic  of  tiuatemala  is 
<6  h.  2  m.  3  s.  slow  of  Greenwich  mean  time^  so  the  time  of  origin  of  the 
-eaiDiquake  may  be  taken  as  2  h.  22  m.  Greenwich  mean  tima 

Sec.  4.  The  observations. — As  there  does  not  seem  to  be  any  necessity  for 
reprinting  every  published  record  of  the  earthquake,  I  shall  merely  give  a 

*  '  Nature,'  Juna  12, 1902. 

+  '  Bull.  Amer.  Oeog.  Soc,"  vol.  30,  p.  32.5  (1903). 

J  J.  Milne,  "Civil  Time,"  'Oeof(r.  Jouni.,'  FebroMV,  1899.  For  the  particulars  in  tliis 
paragraph  I  am  indebted  to  Profeaaor  Milne.  The  caae  may  be  quoted  as  &  practical 
Application  of  the  new  seismology  ;  for  the  insnrance  company,  wheii  involved  in  the 
dispute,  wrote  te  Shide,  inquiriug  whether  any  iaformation  as  to  the  true  time  of  occur- 
rence of  the  earthquake  could  be  given,  and  the  time  deduced  from  the  records  of  the 
British  Association  organisation  proved  to  be  within  some  seconds  of  the  time  finally 
adopted  after  local  inquiry. 

I  2 
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tabular  Btatement  of  times  and  a  note  in  explanation  of  the  sources  of  infor- 
mation, and  of  any  differences  which  may  be  found  between  the  times  given 
and  those  originally  published. 


Tabular  Statement  of  the  Kecordod  Time  of  Arrival  of  each  of  the  Three 
Principal  Phases  of  Wave  Motion.  Guatemala  Karthquake  of  April  19, 
1902.    Times  in  Minutes  after  2  hours  Greenwich  Mean  Time. 


DiBtance. 


Iph«». 

min. 

301  1 
30-5  / 

31-3 

321 

(22-0) 

36-0 

35-0 

34-8 

35-4 

V 

35-5 

3S-6 

36-2 

36-0 

36-3 

36-2 

36-6 

36-6 

r  36-6 
1   36-6 

370 

36-7 

3«-0 

3«-8 

37-6 

37-6 

37  0 

36-6 

r  36-7 
\  36-8 

36-7 

36-8 

r  37-6 
1   37-6 

36-6 

36-6 

37-3 

37-0 

r  36-7 
1(41-0) 

II  phase. 


Ill  phase. 


27-8"l 
30-8] 
43-0 

52-7 
76-2 
77-01 
77-4 
77-6  I 
78-8  \ 
78-8  I 
78-8 


90-4 
91-4 
91-4 
91-4 
91-7 
92-4 


Toronto  

Victoria,  B.C. .. 
Cordoba,  Arg... 

Paisley 

Edinburgh  

Bidston    

San  Fernando.. 
Shide   

K^..'.l.'.'.\"l.'.\ 

Ucole   

Hamburg 

Strassburg  

Padua  

Florence  

Trieste 

Rome   

Quarto  Castello 

Kocea  di  Papa.. 

Juriew 

Ischia  

Pawlovsh 

Catania    


15-6  \ 
5 -6  J 


(43-0) 
45-5  1 

(43-3) 
46-8  \ 
46-9 
46-9 
46-8  J 
46-4 
46-6 


40-3  ■ 

38-0 

60-7  ' 

45-3 

730 

74-5  " 

75-1 

61-8 

79-2 

78-7 

73-0 

70-1 

80-4 


47-0 

69-6 

(47-1) 

69-7 

47-3 

69-7 

47-3 

73-4 

47-4 

68-0 

47-2 

70-0 

46-1 

68-0 

(48-9) 

— 

(50-3) 

73-0 

47-5 

68-6 

47-0 

69-0 

47-0 

72-5 

48-3 

47-1 

768 

47-1 

71-2 

47-0 

72-6 

47-0 

— 

46-2 

— 



73-0 

47-4 



47-6 

72-0 

47-2 

73-3 

71-5 

— 

74-6  J 
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Tabnlar  Statement — continued. 


Dietance. 


Station. 


I  phase. 


II  phase.         Ill  phase. 


Nicolaiew    

Wellington,  N.Z. 
Christchurch,  N.Z. 
Tokio  

Tiflis    

Irkutsk    '. 

Capetown    

Tashkent 

Calcutta  

Bombay  

Penh,  wX.    ...... 

Kodi 
Batavis 


a 


(52())1 
470   <f 
480  J 
(49-6) 
(53-0) 
(56-6)' 
(IS6-6) 
(56 -4) 
51-5 
(68-8) 
(58-5) 
SI'S 
49-2 
60-1 


64-6 
66-8 

62-0  j 
(59-4) 
680  ■ 


0-0  "1 
90  I 
9-2  J 


861  1 

860 

86-2 

86-9 

96-4 

99-9 

860 

107-0 


107-2 
109  0 


!fote  Mrplanaiory  of  the  Statement. — Each  line  refers  to  the  record  of  a 
distinct  instrument,  or  at  least  to  an  independent  pendulum,  except  in  the 
case  where  two  consecutive  records  at  the  same  station  are  bracketed 
tc^ther ;  in  these  cases  the  times  refer  to  the  two  components  into  which 
the  movement  of  a  single  mass  is  resolved.  F^res  enclosed  in  brackets 
indicate  either  that  there  is  an  uncertainty  in  the  interpretation,  or  that  a 
comparison  of  the  times  with  those  at  other  stations  shows  that  they  cannot 
refer  to  the  phase  of  the  record  to  which  at  first  sight  they  would  naturally 
be  referred. 

It  will  be  obeervod  that  the  list  of  records  contains  several  groups  of  about 
«qual  distance  from  the  origin,  which  ore  indicated  by  the  long  brackets  on 
the  right-band  side  of  each  row  of  figures,  and  in  dealing  with  the  results  it 
will  be  best  to  take  the  mean  of  each  group,  thereby  eliminating,  to  a  large 
extent,  the  minor  errors  which  may  affect  individual  observations.  Treated  in 
this  way,  we  get  the  following  series  of  group-averages  of  time  of  arrival,  to 
which  I  have  added  the  corresponding  mean  rate  of  transmission  from  the 
origin,  expressed  in  degrees  of  ai-c  per  minute  of  time.      This  way  of 
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expresedng  the  rate  of  transmission  seenu  preferable  to  the  more  nsoal  one  of 
kilometres  per  second,  as  the  latter  always  requires  qualification,  being 
meaningless  unless  accompanied  by  a  statement  of  the  line  along  which  the 
distance  is  measured. 

Group-average  Times  of  Commencement  of  First  and  Second  Phases,  and  of 
Maximum  of  Third  Phase ;  also  Mean  Apparent  Rate  of  Propt^tion  in 
D^rees  per  Minute. 


Firrtph-e. 

ScNXHidpbaM. 

Third  ph»e,  mMx.         \ 

DJrtsnee. 

Ob.. 

Time. 

IUt». 

Ob.. 

Time. 

B>le. 

Ob.. 

Tim«.         lUte. 

1 

in- 

No. 

min. 

deg.+Bin. 

No. 

DUD. 

d^.  +  DUII. 

No. 

min.       deg.  +  min. 

22-0 

23-0 

89-8 

2 

ao-a 

85-5 

2-17 

it 

391           171 

78-0 

7 

36 -s 

6-78 

46-4 

a -20 

6 

90-8 

») 

86-8 

6-14 

14 

102-4 

3 

97-4 

6-66 

47-5 

4-02 

2 

791           1-79 

112-2 

4 

38-8 

6) -5 

a-ao 

7 

89-4    1       1-66 

146-6 

n 

43-7 

671 

« 

R 

160-4 

1 

43-7 

7 -as 

1 

68-0 

a -56 

1 

109-0    ■       1-84 

This  statement  shows  that  in  the  fii-^  phate  the  apparent  rate  of  trans- 
mission increases  continuously  with  the  distance,  if  we  except  the  decrease  at 
about  146°,  which  may  be  due  to  the  commencements  being  late,  or  to  those 
in  the  group  before  it  being  early.  In  any  case  the  tigures  show  that  the 
time-curve  is  not  rectilinear,  though  the  recorded  times  show  an  approxi- 
mation to  a  uniform  rate  of  about  9*7  degrees  per  minute  between  the  limits 
of  30°  and  90°  from  the  origin.  This  part  of  the  time-curves,  as  drawn  by 
Professor  Milne  and  by  myself,  shows  an  approximation  to  a  straight  line 
and  the  curvature  only  becomes  conspicuous  when  they  are  extended  beyond 
these  limits.  In  the  case  of  the  Guatemala  earthquakes,  we  have  no  obser- 
vations at  less  than  28°  from  the  origin,  but  the  more  distant  records — 
if  we  except  the  aberrant  one  from  Kodaikanal — seem  to  show  that  the 
emergence  of  this  phase  of  wave  motion  was  practically  simultaneous  from 
140°  to  160°,  a  phenomenon  which  might  be  explained  on  the  hypothesis  of 
mass  waves,  but  not  on  that  of  waves  propagated  parallel  to  the  surface.  It 
is  not,  however,  advisable  to  attach  much  importance  to  the  more  distant 
records  till  they  have  been  confirmed  by  others  ;  up  to  90°  from  the  origin  we 
have  a  sufficiently  complete  series  of  mutually  corroborative  records. 

The  second  phase  shows  the  same  feature  as  the  first,  of  an  increase  of 
apparent  rate  of  propf^tion  with  distance,  but  this  only  continnes  to  about 
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100°  from  the  origin ;  beyond  that  there  seems  to  be  s  decrease.  This  result 
is  unexpected,  but  must  not  be  rejected  merely  on  that  account,  yet  it 
is  worth  noting  that  the  second  phase  is  much  less  well  marked  in  these 
distant  records  than  in  the  nearer  ones.  On  the  Milne  pendula  the  absolute 
maximum  of  displacement  is  ascribed  to  this  phase,  but  on  the  horizontal 
penditla  with  mechanical  r^istmtioa  at  Bombay,  this  phase  is  hardly  marked 
on  one  and  not  at  all  on  the  other. 

Of  the  third  pliase  little  need  be  said  ;  the  apparent  rate  of  propagation  is, 
on  the  whole,  uniform,  the  irregularities  being  snfliciently  accounted  for  by  the 
causes  referred  to  in  Sec.  2. 


The  sources  from  which  the  data  were  taken  are :  for  the  Milne  pendulum 
stations,  the  circulars  of  the  Seismological  Committee  of  the  Britieh  Associa- 
tion ;  for  the  Italian  records  the '  BoUetino  della  Societii  Sismologica  Italiana ' ; 
for  the  Gussian  records  the  '  Bulletin  de  la  Commisaion  Centrale  Sismique 
Permanente ' ;  and  for  other  places  the  periodical  reports  of  the  observatories. 
In  addition  to  these  the  examination  of  the  phot(^raphic  reproductions  of  the 
Milne  pendulum  records  has  enabled  me  to  add  particulars  regarding  the  time 
of  the  second  phase  which  are  not  given  in  Uie  British  Association  circulars. 
A  few  Italian  stations  where  only  the  time  of  commencement  was  recorded 
have  been  omitted.  The  notes  following  refer  only  to  those  cases  where  there 
has  been  any  difficulty  of  interpretation,  where  this  has  been  simple  and 
straightforward  it  is  not  necessary  to  reprint  the  original  record. 

Paisley.  The  whole  record  is  marked  by  air  tremors,  and  only  the  time  of 
maximum  is  determinable.  The  second  phase  seems  to  have  conunenced  at 
2  h,  4'A  m.  or  thereabouts. 

San  Fernando. — ^The  second  phase  cannot  be  clearly  distinguished  from  the 
effects  of  the  successive  impulses,  recc^izable  on  this  as  on  other  traces. 

Tokyo. — From  this  place  we  have  two  records.  One,  by  Professor  Omori,  in 
the  British  Association  circular,  which  gives  the  commencement  at  2  h.  416  m., 
L.W.  commence  at  2 h.  496 m.,  maximum  2 h.  50'9 m.  The  other,  pubUshed 
by  Dr.  Imamura  in  his  account  of  the  Milne  pendulum  seismogiama, 
obtained  at  Hongo,  Tokyo,*  gives  the  times  as  Pj,  2  h.  38'8  m.,  P^ 
2 h.  630  m.,  with  an  instrumental  maximum  shortly  after.  The  reproduction 
of  the  seismogram  does  not  help  matters,  as  it  differs  so  much  in  type  from 
those  at  other  stations :  the  time,  2  h.  388  w.,  is  about  what  would  be  expected 
for  the  commencenieut  from  a  comparison  with  other  records,  and  2  h.  49*6  m 
*  '  Publications,  Eartbq.  Investigation  Comm.,'  No.  16, 1904,  p.  69. 
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would  not  be  far  from  the  time  for  the  second  phase,  but  in  view  of  the  doubt 
attaching  to  the  interpretation  of  the  records  from  this  station,  I  have 
thought  it  best  to  exclude  them  alL 

Irkutsk. — All  the  inittniments  at  this  station  appear  to  have  commenced 
with  the  second  impulse,  which  can  be  found  on  most  records  at  about  4  m. 
after  the  first  On  the  Milne  pendulum  the  recorded  commencement  is 
preceded  by  a  small  disturbance  of  the  trace,  whose  banning  is  gradual  and 
cannot  be  fixed,  though  it  is  visible  for  some  minutes.  The  second  phase 
commencement  ie  at  2  h.  51-5  m.  on  the  Milne  pendulum  trace,  the  other  times 
on  this  column  are  those  recorded  for  reinforcements  on  the  ti-aces  of  two 
horizontal  pendula. 

Tashkent. — The  first  tremors  are  recorded  at  2  h.  34'5  m.  and  2  h.  34*8  m., 
the  times  in  the  table  are  those  of  the  first  reinforcements,  which  evidently 
correspond  to  the  first  phase  in  the  records  of  other  stations. 

BomMy. — The  recorded  maximum  is  at  3  h.  8  m.  or  3'5  m.  after  the  first 
marked  increase  in  amplitude,  which  is  taken  to  represent  the  second  phase. 
Slow  oscillations,  marking  the  third  phase,  set  in  at  3  h.  27  m.,  and  are  slowest 
at  3  h.  39  m.,  when  the  trace  is  quite  open ;  they  become  quicker  and  attain  a 
maximum  amplitude,  almost  as  great  as  that  of  3  h.  8  m,  at  3  h.  47  m. 

Besides  the  Milne  pendulum  there  are  two  heavy  horizontal  pendula. 
I  am  indebted  to  Dr.  N.  A.  F.  Moos  for  the  tracings  of  their  records,  from 
which  the  following  particulars  have  been  taken. 

ffor.  Pend.,  E.  W. — Commencement  2  h.  43-8  m. ;  at  3  h.  6'8  m.  there  is  a 
sudden  displacement  and  another,  lai^r,  at  3  h.  ll*?  m.,  these  consist  in  each 
case  of  a  single  oscillation  and  seem  to  represent  the  second  phase,  maximum 
of  third  phase  at  3  h.  48*4  m. 

Hot.  Pend.,  N.S. — Commencement  2  h.  43*4  m. ;  the  second  phase  is  not 
recognisable ;  maximum  of  third  phase  at  3  h.  49'1  m. 

Kodaikanal. — The  record  as  given  in  the  British  Association  Circular  Ko.  ft  is : 
commencement  2  h.  390  m.,  maxima  3  h.  0*4  m.,  3  h.  6'7  m.,  3  h.  lO'S  m., 
3  h  47-2  \a.,  3  h.  52-3  m. ;  amplitudes,  08  mm.,  05  mm.,  0*5  mm.,  0-4  mm., 
O'o  mm.  Ilie  trace  itself  shows  a  very  small  amplitude  throughout,  and  the 
five  maxima  form  a  series  of  small  bulges  arranged  in  two  groups  of  three 
each,  the  sixth  being  at  3  h.  565  m.  Here  the  maximum  at  3  h.  0*4  m. 
seems  to  belong  to  the  second  phase,  which  would  then  begin  about  1  m. 
earlier. 

The  most  remarkable  feature  about  this  record  is  the  time ;  both  commence- 
ment and  second  phase  are  some  four  or  five  minutes  earlier  than  would  be 
expected  from  the  records  at  other  observatories  of  about  the  same  epicentral 
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diBtaoce.  The  eaeiest  explanation  vould  be  to  assnme  an  error  in  the  time, 
but  this  Bupposition  is  inadmissible  in  an  astronomical  observatory,  one  of 
whose  functions  is  the  giving  of  a  daily  time  signal  The  discrepancy  must 
remain  inexplicable,  and  in  view  of  it,  and  of  the  doubt  in  the  interpretation, 
the  record  has  been  excluded  from  wnsideration. 

BaiavUt. — The  diagram  is  rather  indetinite ;  there  is  an  increase  at  about 
4  m.  after  the  commencement,  probably  marking  the  second  impulae,  but 
the  first  considerable  increase  is  about  25  minutes  after  the  commencement. 
This  probably  represents  the  second  phase,  of  which  the  b^inning  is  indistinct, 
and  to  which  the  maximum  at  3  h.  12*4  m.  belongs ;  the  maximum  of  Uie 
third  phase  is  at  about  3  b.  49  m. 


A  Determination  of  the  Amounts  of  Nmn  and  Helium  in 

Atmo^heric  Air. 

By  Sir  Wiluam  Ramsay,  KCB.,  F.RS. 

(Received  March  11,— Read  March  16,  1905.) 

Some  time  ago  I  communicated  to  the  Society*  the  lesults  of  an  attempt  to 
escimate  the  amounts  of  krypton  and  of  xenon  in  air.  The  quantities  were 
necessarily  minimum  eHtimates,  for  there  is  no  doubt  that  both  krypton  and 
xenon  mast  evaporate  when  air  evaporates,  even  if  that  take  place  at  a  very 
low  temperature.  Dr.  Travers  and  I  guessed  at  the  amounts  of  neon  and 
helium,  and  supposed  that  the  amount  of  helium  was  one  or  two  parts  per 
million,  and  that  of  neon  one  or  two  parts  per  100,000.  This  guess  is  not 
very  tar  from  the  truth,  as  the  following  account  of  recent  experiments  will 
show. 

The  ingenious  method  discovered  by  Sir  James  Dewar  of  using  cooled 
cocoanut  charcoal  as  an  absorbent  for  gases  has  made  it  easy  to  carry  out  the 
estimation.  The  process  consiste  in  cooling  100  grammes  of  such  charcoal  to 
—  100°,  approximately,  in  a  bulb  from  which  all  air  has  been  removed  by  a 
pump.  Such  charcoal  will  absorb  about  three  litres  of  air ;  at  that  tempera- 
ture neither  neon  nor  helium  are  absorbed  in  appreciable  quantity,  as  special 
experiments  showed.  Hence  on  placing  the  cooled  bulb  containing  the  char- 
coal  in  communication  with  a  Topler  pump,  the  uncondensed  gases  enter  the 
barrel  of  the  pump.    On  closing  the  conneccing  stop-cock,  a  further  quantity 

•  'Roy.  Soc  Proc,*  vol.  71,  p.  421. 
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of  gas  accumulateu,  and  is  again  removed  into  the  pump  in  the  same  nuuineT. 
Ab  the  relative  volumes  of  the  pump  and  of  the  cooled  bulb  were  approxi- 
mately 4  to  I,  after  commuDication  had  been  eetabliBhed  four  times,  only 
1/256  of  the  contents  of  the  bulb  were  left  in  it.  And  as  the  gas  in  contact 
with  charcoal  exerts  a  kind  of  vapour-pressure,  inasmuch  as  the  pressure 
which  it  gives  depends  on  the  temperature  as  well  as  on  the  extent  of  the 
surface  of  charcoal  to  which  it  is  exposed,  it  may  be  assumed  that  gas  escapes 
from  tlie  charcoal  on  each  reduction  of  pressure,  and  that  the  more  volatile 
gases  in  the  bulb  should  be  expelled  by  the  less  volatile. 

In  this  manner  18  litres  of  moist  air  was  treated ;  on  its  way  to  the  char- 
coal bulb  it  traversed  a  tube  filled  with  phosphorus  pentoxide,  to  deprive  it 
of  moisture.  The  temperature  was  about  15°  during  these  operations,  heuce 
the  actual  volume  corrected  to  0°  C,  and  deprived  of  water-vapour,  was  about 
16,800  C.C.  This  volume  was  reduced  to  about  400  c.c.  in  the  manner 
described,  and  the  smaller  volume  contained  practically  all  the  neon  and 
helium. 

By  means  of  a  smaller  apparatus  containing  about  3  grammes  of  charcoal, 
the  volume  was  further  reduced,  in  a  similar  manner,  until  only  u  few  cutac 
centimetres  were  removed  through  the  pump.  A  convenient  cooling  mixture 
was  found  to  be  frozen  ether.  By  stirring  ordinary  commercial  ether  with  a 
test-tube  containing  liquid  air,  and  frequently  replenished,  solid  ether  at  last 
begins  to  coat  the  outside  of  the  test-tube.  At  this  stage  liquid  air  is  poured 
on  to  the  surface  of  the  ether,  and  a  crust  of  ether-ice  forms.  This  is  broken, 
and  stirred  through  tbe  liquid  portion,  and  the  operation  is  repeated  until  a 
sufficient  quantity  of  solid  has  accumulated.  The  cold  ether  bath  may  now 
be  used  to  cool  the  charcoal  tube ;  not  much  solid  melts  during  the  process, 
and  the  temperature  registered  by  a  pentaue  thermometer  wafi  approximately 
-100°. 

Having  reduced  the  volume  of  the  gases  to  about  2  cc,  the  remaining 
oxygen  and  nitr(^n  were  removed  by  sparking.  It  is  true  that  about  2/100 
of  a  cubic  centimetre  of  argon  may  be  thus  retained;  but  the  quantity  is 
probably  much  less,  for  oxygen  is  less  volatile  than  argon,  and  would  probably 
remove  at  least  a  portion.  The  residue,  at  any  rate,  did  not  show  the  argon 
spectrum. 

The  inert  residue  was  then,  after  it  bad  been  measured,  admitted  into  the 
small  apparatus;  the  charcoal,  however,  was  now  cooled  with  liquid  air. 
Preliminary  experiments  bod  shown  that  at  that  temperature,  neon  is  retained 
by  charcoal  in  considerable  amount  Hence,  on  opening  the  stop-cock 
communicating  with  the  pump,  helium  escaped,  while  neon  was  retained 
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The  surface  of  tlie  charcoal  was  very  large  considering  the  sraall  quanlity  of 
gad  preseated  to  it  As  before,  the  pump  was  opened  four  times,  so  as  to 
make  sure  that  all  helium  should  escape.  This  helium  showed  the  neon 
spectrum,  but  feebly ;  it  may  have  contained  a  few  per  cent,  of  neou.  On 
the  other  hand,  the  neon  remaining  in  the  charcoal,  when  expelled  by  heat, 
was  almost  free  from  the  helium  spectrum.  Probably  theo,  the  estimate 
which  will  be  given  errs  in  that  the  quantity  of  helium  may  be  somewhat 
too  large,  and  that  of  neon  too  small.  The  neon  was  again  purified  by 
sparking  before  being  measured  ;  for  it  was  thought  best  to  jacket  the  charcoal 
tube  with  the  vapour  of  boiling  quinoline  (237°)  in  order  to  make  sure  that 
all  neon  had  been  expelled,  and  the  effect  waa  to  expel  along  with  it  some 
nitrogen  which  had  remained  in  the  charcoal,  besides  some  carbon  dioxide. 

A  word  may  be  said  as  to  the  method  of  measuring  very  small  quantities 
of  gas.  The  measuring  tube  was  provided  with  a  2-way  stop-cock,  one  exit 
from  which  was  sealed  to  an  inverted  siphon  of  capillary  tubing.  It  had  also 
two  points  of  blue  glass  sealed  in,  one  indicating  the  volume  2'40d  c.c,  the 
other  9'657  cc.  The  smaller  volume  was  alone  used.  In  reading  the  volume 
of  the  gas,  the  measuring  tube  is  clamped  in  front  of  a  long  standard  scale 
(one  by  Zeiss,  which  had  been  calibrated).  The  mercury  is  then  aet  to  the 
blue  glass  point,  by  lowering  the  mercury  reservoir  attached  to  the  measuring 
tube,  and  the  temperature,  and  difference  in  level  of  the  two  mercury  surfaces, 
are  read.  The  volume  at  0°  and  760  mm.  pressure  was  calculated  in  the 
usual  way. 

The  excellent  results  given  by  tbis  method  will  be  seen  from  the 
correspondence  between  the  volume  of  mixed  neon  and  lielium,  and  the  smu 
of  the  measurements  of  each  separately. 

Volumes  of  Neon  and  Heliuvu 

Volume  of  mixed  gases,  after  sparking 0*2756  c.e. 

„         helium,  unsparked    0*0685   „ 

„         neon,  after  sparking U*2080  „ 

The  sum  of  the  last  two  is  0'2765,  a  number  agreeing  within  ^  per  cent,  of 
the  volume  taken. 

Referring  these  quantities  to  the  volume  of  air  from  which  they  were 
extracted,  and  also  to  that  of  the  ai^n  in  that  air,  we  obtain : — 

Keon  in  air I  volume  in  80,790  volumes  of  air. 

Helium  in  air 1         „         245,300         „         „ 

Tt^ther 1         „  61,000 
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The  percentage  of  ai^n  in  air  being  taken  aa  0-937,  there  follows: — 

Neon  in  ai^n 1  volume  in  757  volnmeB  of  argon. 

Helium  in  argon 1        „        2300        „  „ 

Together 1        „  571 

The  percentages  by  weight  and  volume  are  as  follows : — 

Neon  by  weight  in  gaseous  air...     0*0000086  per  cent. 

„      volume  „  ...     00O00123 

Helium  by  weight        „  ...     0-00000056      „ 

volume       „  ...     00000040 

The  density  of  crude  argon  was  determined  by  Lord  Bayleigh  and  myself 
as  19*94 ;  the  mean  density  of  pure  ai^n,  in  conjunction  with  Dr.  Travers, 
as  19'957.  It  is  interesting  to  see  whether,  Delecting  the  heavier  constituents 
^inasmuch  as  their  amount  is  inappreciable),  the  calculated  and  found  densities 
of  argon  agree  Allowing  for  the  presence  of  the  neon  and  helium,  the  density 
of  pure  argon  should  be  19-953 ;  the  most  reliable  numbers  found  by 
Travers  and  myself  were  19-952  and  19-961. 

One  more  point  de&erves  notice.  A  fair  quantity  of  the  mixture  of  neon 
and  helium  was  prepared  by  liquefying  air ;  540  cc  of  liquid  air  were 
iwUected.  The  lighter  gases  were  collected  by  blowing  air  through  this 
liquid,  and  collecting  in  a  gas-bolder.  This  mixture  was  then  fractionated 
by  absorption  in  charcoal,  as  already  described,  but  the  charcoal  was  cooled 
with  liquid  air  to  —192° ;  the  mixed  gases  measured  4463  c.c  Now,  taking 
the  density  of  liquid  air  as  1,  the  total  volume  of  the  gaseous  air  &om  which 
the  540  cc.  of  liquid  air  had  been  obtained  was  404-4  litres  at  0°  and 
760  mm. ;  and  the  proportion  of  mixed  gases  in  gaseous  air  would  be  1  in 
90,000.  A  considerable  quantity  of  ueon,  aud  possibly  a  trace  of  helium,  had 
apparently  been  retained  by  the  charcoaL  But  the  yield  on  a  laige  scale  is 
not  a  bad  one ;  and  no  doubt,  if  the  charcoal  were  cooled  not  below  — 100°, 
all  the  gases  could  be  extracted. 

Now  this  gas  must  have  contained  all  the  free  hydrogen  present  in  the  air ; 
and  it  was  mixed  with  oxygen,  and  sparked  for  a  short  time ;  it  was  then 
collected  through  the  pump,  which  dried  it,  and  it  was  remeasured.  There 
was  no  contraction ;  the  volume  of  the  mixed  gases  plm  added  oxygen  was 
o'169  cc,  and  that  of  the  some  gas  after  sparking  5'170  cc  The  amount  of 
free  hydrogen  in  air,  therefore,  must  be  less  than  1/500  of  the  volume  of  the 
combined  neon  and  helium,  assuming  it  to  be  possible  to  measure  to  0-01  cc 
It  should  be  added,  perhaps,  that  it  would  be  well  not  to  regard  this  experi- 
ment as  conclusive,  but  it  is  given  for  what  it  is  worth. 
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A  New  Badio-Actire  Element,  which  Mi'olves  Tfwrium 

Emanation.     Preliminary  Communication. 

By  0.  Hahn,  Ph.D. 

(Communicated  by  Sir  William  Eamaay,  K.C.R,  F.R.S.     Received  March  7,— 
Read  March  16,  1905.) 

[The  material  for  this  investigation  was  provided  by  Sir  William  Ramsay  ; 
it  was  the  final  residue  remaining  after  fusion  with  bisulphate  of  5  cwt.  of 
the  cnbical  ore  from  Ceylon,  for  which  the  name  "thorianite"  has  been 
suggested  by  Professor  Dunstan.  This  residue  was  fused  with  carbonates, 
the  silica  was  removed,  and  the  carbonates  dissolved  in  dilute  hydrochloric 
acid.  Lead  was  precipitated  as  sulphide,  and  the  carbonates  ^;ain  pre- 
cipitated. These  preliminary  operations  were  curled  out  by  Mr,  Charles 
Tyrer  and  by  Dr.  Ceniwn.] 

This  residue  weighed  about  18  grammes,  and  a  preliminary  estimation  of 
radio-activity  led  to  the  belief  that  it  would  yield  about  15  milligrammes  of 
pure  radium  bromide.  The  carbonates  were  dissolved  in  pure  aqueous 
hydrobromic  acid,  and  the  bromides  fractionated  according  to  Giesel's 
method.  But  difficulties  were  soon  encountered;  the  more  soluble  portion 
did  not  fall  off  in  radio-activity,  hut  gradually  grew  more  strongly  radio- 
active ;  the  radium  concentrated  at  the  least  solnble  end,  and  the  middle 
fractions  became  relatively  weak  in  radio-aetivi^. 

Small  traces  of  iron  and  other  impurities,  unavoidable  in  London,  collected 
in  the  more  soluble  portions,  and  the  ferric  bromide  imparted  to  them  a 
brownish-yellow  colour.  These,  and  indeed  all  fractions,  were  again  treated 
with  hydrogen  sulphide,  and  a  minute  quantity  of  a  peculiar  dark-brown 
precipitate  came  down.  It  was  also  radio-active;  it  was  soluble  in 
nitric  acid  to  a  pale  green  solution,  and  on  evaporation  crystal  of  two  kinds 
deposited;  easily  soluble  green  crystals  and  less  soluble  white  ones.  The 
investigation  of  these  bodies  is  still  in  progress. 

By  a  series  of  troublesome  operations,  a  quantity  of  precipitate  was 
obtained  by  aid  of  ammonia,  and  to  separate  iron,  it  was  treated  in  acid 
solution  with  ammoniiun  oxaUte ;  this  produced  about  10  milligrammes  of 
crystalline  precipitate,  which  was  by  far  the  most  active  preparation  obtained, 
and  which  shows  after  two  months  no  diminution  tn  its  radio-active  power. 
It  glows  feebly  in  the  dark,  and  imparts  bright  luminosity  to  screens  both 
of  platino-cyanide  and  zinc  sulphide.  If  a  current  of  air  be  blown  through 
a  solution  of  this  substance  and  directed  on  to  a  screen  coat«d  with  zinc 
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sulphide,  luminosity  ie  produced,  which,  nevertheless,  is  diffen^nt  in  intensity 
from  that  eliowu  when  a  similar  experiment  in  performed  with  Giesel's 
emanium.  The  phenomena  are  not  so  brilliant  as  those  obtained  from  a 
strong  sample  of  oraaniuin  kindly  sent  by  Professor  Gieael.  It  was  not 
possible  to  perform  tlie  beautiful  experiment  of  allowing  the  emanation  to 
pour  down  on  the  screen  and  blowing  it  away,  probably  because  the  new 
substance  emits  /9-rays  in  too  great  abundance.  But  that  the  dry  substance 
also  evolves  emanation  was  easily  discovered  by  help  of  an  electrometer. 

The  first  impression,  that  the  new  substance  was  identical  with  actinium  or 
emanium,  was  found  to  be  untenable,*  for  the  new  preparation  evolves  an 
emanation  identical  with  that  of  thorium ;  different  samples  gave  for  the 
half-period  of  decay  from  52  to  55  seconds ;  for  the  half-period  of  the 
induced  activity,  somewhat  more  than  11^  hours  was  found,  and  a  small 
remaining  activity  persists  and  decays  very  slowly.  (The  half-period  for 
thorium  emanation  was  found  by  Le  Kossignol  and  Giraii^hamt  to  be 
512  seconds ;  Bronson,  working  in  Butherford's  Laboratory,  found  54  seconds.) 
As  this  phenomenon  has  up  till  now  not  been  noticed  with  thorium  emana- 
tion, it  may  be  conjectured  eitlier  that  another  radio-active  substance  is 
mixed  with  the  new  body  in  very  small  traces,  of  which  the  induced  radio- 
activity must  have  a  long  period  of  decay,  or  what  is  less  probable,  that 
the  induced  activity  of  thorium,  like  that  of  radium,  changes  into  another 
product  with  a  long  radio-active  existence.  It  is  certain  that  radium 
emanation  and  also  Butherford's  radium-E  were  absent 

The  oxalate,  which  weighed  10  milligrammes,  dissolved  in  hydrochloric  acid, 
gave  a  quantity  of  emanation  considerably  greater  than  would  be  evolved 
from  a  kilogramme  of  thorium  in  solution ;  consec|uently,  it  is  more  than 
100,000  times  as  active  as  thorium.  Further  work  ban  resulted  in  Uie 
accumulation  of  20  milligrammes  of  material  nearly  250,000  times  as  active 
as  its  own  weight  of  thorium  nitrate.  Thorium  itself,  if  present  at  all,  must 
be  there  in  minimal  quantity,  for  the  oxalate  gives  tests  for  calcium  for  the 
most  part  Whether  this  active  substance  is  a  constant  radio-active 
constituent  of  thorium  preparations,  or  whether  it  is  another  new  radio-active 
clement,  remains  still  undecided.  Its  quantitative  extTaction  from  thorium 
salts  has  not  yet  been  investigated.    After  precipitation  of  a  small  part  of 

*  The  meaenrementa  of  the  emanatioDB  and  ezcibKl  activities  were  carried  out  in 
collaboration  with  Dr.  S&ckur,  working  in  this  labonUoiy ;  we  also  re^determiDed  the 
half-period  of  decay  of  the  emajiation  from  Giesel's  emanium,  oa  about  three  seoondH, 
and  for  its  induced  activity  a  period  of  about  36  seconds.  More  ei 
Ave  ill  progress. 

t  'Phil.  Mag.,' July,  1904,  p.  107. 
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the  solntion  in  hytlrochloric  acid  of  the  original  ammonia  precipitate  with 
ammonia,  the  filtrate  shows  coosideiable  radio-activity,  which  rapidly  falle  off 
in  a  few  days,  but  does  not  wholly  disappear,  and  the  removal  of  this 
substance  does  not  diminish  appreciably  the  radio-activity  of  the  iusoluble 
residue.  Whether  that  is  due  to  thorium— a;  or  not  has  not  yet  been  quantita- 
tively investigated.  The  close  relation  of  the  new  body  to  thorium  is  proved, 
not  merely  by  the  apparent  identity  of  the  two  emanations,  but  also  in  its 
having  been  separated  from  a  mineral  unnsoally  rich  in  thorium.* 

We  are  in  hopes  that  it  may  prove  possible,  by  several  processes  of 
concentration,  to  obtain  an  even  more  strongly  radio-activfl  product,  and 
to  be  able  %o  describe  more  in  detail  the  chemical  properties  of  the  substance ; 
one  difficulty  consists  in  the  adhesion  of  the  substance  to  all  precipitates ; 
all  filters  are  radio-active,  and  can  hardly  be  purified  by  repeated  washing. 
The  activity  of  the  sulphide  precipitate  may,  perhaps,  be  due  to  this  cause  ; 
the  emanation  which  it  yields  appears  to  be  identical  wtch  that  obtained 
from  the  precipitate  with  ammonia. 

Becent  researches  would  appear  to  show  that  this  substance  is  present  in 
soil  in  amount  comparable  with,  but  still  considerably  smaller  than  radium. 
G.  A.  Blanet  has  described  in  a  paper  on  "  the  Radio-Activity  of  Mineral 
Springs,"  a  gas  which  contains  thorium  emanation.  N.  M.  Badourian^  in 
investigating  the  radio-activity  of  subterranean  air,  has  detected  not  only 
radium  emanation,  but  also  that  of  thorium ;  and  Elster  and  6eitel§  have 
described  a  preparation  obtained  from  the  mud  from  the  Baden  Baden 
"  Ursprung "  as  containing  no  thorium  in  detectable  quantity,  but  yet 
evolving  thorium  emanation  in  amount  such  that  half  a  gramme  of  thorium 
oxide  would  be  required  to  produce  it  They  conjecture,  therefore,  the 
presence  of  a  new  radio-active  element.  Attention  may  also  be  called  to  the 
fact  that  inactive  tboria  is  said  more  than  once  to  have  been  obtained. 

It  is  almost  certain  that  all  these  emanations  are  the  product  of  this  new 
substance,  and  are  not  derived  from  thorium  itself,  for  the  amount  of 
emanation  obtainable  from  thorium  is  so  small  that,  if  it  can  be  measured 
at  all,  it  should  be  possible  to  detect  thorium  analytically  in  the  source  from 
which  it  is  evolved, 

*  Ex.p«niiieiitB  ar«  io  progress  in  this  laboratory  to  attempt  W  coacantrate  the  radio- 
active  sub«tance  from  a  lai-ge  quaatity  of  thorium ;  but,  so  far,  no  definit«  results  have 
been  obtajned. 

f  'Phil.  Mag.,'  vol.  9,  pp.  148  to  154. 

X  'SilL  Amer.  J.  of  Science,'  vol.  19,  1905,  pp.  16  to  82. 

§  " Badioaktivitat  der  Sedimente  der  Thermalquelleu,"  'Chetii.  Centralbl.,'  1805,  vol.  1, 
P.6S1. 


d  by  Google 


On  the  Spectrum  of  Silicon;  with  a  Note  on  the  Spectiitm  of 

Fluorine. 

By  Joseph  Lunt,  B.Sc.,  F.I.C. 

(CommUDicated  by  Sir  David  Gill,  K.C.B.,  F.R.S.,  H.M.  Astronomer  at  the  Cap» 
of  Good  Hope.     Received  February  13,— Bead  March  2,  1905.) 

{Platk  2.) 

In  a  recent  paper*  M.  A.  de  Gramont  questions  the  silicon  origin  of 
certain  lines,  viz.:  X  4089-1,  X,  4096*9,  and  \  41164,  grouped  together  as 
Group  rV  by  Sir  Nonnan  Lockyerf  who  ascribes  them  to  the  element 
named.  He  says :  "  J'ty'outerai  que  les  lignes  du  groupe  IV,  qui  indiqucraieut, 
d'apr^  Lockyer,  ime  temperature  excessive,  ont  toujonrs,  sur  mes  clichiJs, 
accompagn^  les  raies  de  I'air  et  ont  dispam  avec  lui  EUes  coincident  avec 
des  liguee  de  I'oxyg^ne  et  de  I'azote,  et  ces  deux  gaz  ont  ^t^  mconnus  dans 
plusieurs  ^toiles  d'Orion  et  dans  jS  Cruda.  Je  croia  done  le  groiipe  IV 
attribuable  k  I'air." 

Sir  Norman  Lockyer  and  Mr.  Baxandall|  have  replied  by  bringing  forward 
photographic  evidence  in  support  of  their  conclusions.  Whilst  agreeing 
with  the  latter  authors  that  the  lines  in  question,  loith  the  exception  of 
\  40969,  are  really  silicon  lines,  I  consider  that  the  evidence  brought 
forward  by  them  is  in  itself  insufficient  to  establish  their  conclusions  satis- 
factorily. 

Nearly  three  years  ago  I  prepared  a  paper,  "  On  the  Spectrum  of  Silicon 
from  its  dissociated  compounds,"  for  inclusion  in  vol.  10  of  the  '  Annals  of  the 
Cape  Observatory,'  but  as  this  volume  has  not  yet  appeared,  owing  to  other 
papers  being  still  under  preparation,  it  seems  desirable  to  publish,  in  advance, 
an  extract  dealing  particularly  with  the  lines  under  present  discussion  and 
to  mention  briefly  some  other  important  lines.    The  extract  is  as  follows : — 

"  High-temperaiure  lines  W  4089"1  aitd  41164. 

"These  two  lines  were  first  recorded  as  silicon  lines  by  Lockyer  in  his 
'  Note  on  the  Spectrum  of  Silicon,'§  and  it  is  of  great  interest  to  notice  their 
behaviour  under  different  conditions.    Of  these  lines  Lockyer  writes,  'The- 

■  '  Complea  Bendus,'  toI.  189,  p.  188. 
t  ■  Roj.  800.  Proo.,'  Tol.  67,  1900,  p.  405. 
t  '  Boj.  St«.  Proc.,'  \o\.  74,  1904,  p.  296. 
§  '  Eoj.  Soc.  Proc.,'  io\.  65,  p.  449. 
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lines  in  Group  IV*  have  never  been  seen  in  the  apark  spectrum  of  tdliciam 
when  small  coil  and  small  jar  capacity  are  used.f  but  with  the  spark  given  hj 
the  Spottiswoode  coil  and  plate  condenser,  they  appear  as  weak  lines.  They 
are  not,  like  the  members  of  Oronpe  II  and  III  seen  in  the  spectrum  tiom 
the  hulb  when  a  vacuum  tube  is  used,  but  in  that  given  by  the  capillary  the 
strongest  ones  are  very  prominent,  end  vie  in  intensity  with  the  lines  in 
Group  III.' 

"  At  the  outset  it  may  be  stated  that  a  large  number  of  experiments  had  to 
be  made  before  the  confirmation  of  the  silicon  origin  of  these  lines  was 
considered  satasfactory,  but  there  can  now  be  no  doubt  that  Ixtckyer's 
identification  is  correct.  Theae  lines  are  absent  in  the  list  of  lines  given  by 
Exner  and  Haschek,  and  by  Eder  and  Yalenta,  and,  so  far  as  I  know,  no  other 
obaervers  have  recorded  them. 

"  In  my  earlier  experiments  with  argon  tubest  I  hod  obtained  these  lines 
from  the  glass  capillary,  not  only  of  aigon  tubes  bat  also  from  those  of  other 
tubes  containing  various  gases ;  and  concluded  that  they  may  be  obtained 
from  glass  vacuum  tubee,  whatever  the  gaaeoue  contents  may  be,  provided  that 
sufficient  jar  capacity  and  a  suitable  spark  gap  are  employed  to  decompose 
the  glass.  That  I  then  doubted  their  silicou  or%iu,  however,  is  shown  by  the 
fact  that  they  were  not  included  in  the  list  of  silicon  lines  discuased  in  my 
first  paper.  This  was  owing  to  the  fact  that  the  spark  spectrum  of  silicon 
tetra-fluoride  had  only  been  exaioinnd  in  wide  tubes  at  atmospheric  pressure, 
under  which  conditions  the  lines  in  question  are  absent,  unless  the  immediate 
vicinity  of  the  platinum  electrodes  is  examined. 

"  I  find  that  even  at  a  pressure  of  12*5  mm.  the  glass  capillary  of  a  silicon 
tetra-fluoride  tube  fails  to  give  these  lines  when  a  small  jar  and  gap  are  used, 
although  the  other  silicon  lines  .are  very  pronounced.  If,  however,  the 
pressure  be  reduced  to  3  mm.,  still  using  one  small  jar  aud  gap,  these  lines 
come  out  strongly  and  are  almost  as  strong  as  the  strongest  lines  in  the 
whole  spectrum.  With  a  similar  pressure  of  silicon  tetra-chloride,  however, 
using  the  same  jar  and  gap,  these  lines  are  exceedingly  weak,  whilst  the 
rest  of  the  silicon  lines  are  strong. 

"  It  is  thus  evident  that  the  silicon  spectrum  from  a  mixture  of  silicon  and 
chlorine  (dissociated  silicon  tetra-chloride)  is  very  different  from  that 
obtained  from  a  similar  mixture  of  silicon  and  fluorine  (dissociated  silicon 

*  Groiip  IT  oonaula  of  Uitm  line*,  th«  two  kbora,  and  one,  X  40Q6i),  whigh  I  do  not  obtain  in 
m;  photognplu,  and  ragud  it«  lilioon  origin  u  doubtful. 

t  I  ahow  Ut«r  tlikt  (mall  ooil  and  jar  npacdtj  suffloo  to  bring  oat  th«M  lines  itronglj  in  tb* 
qMotmin  from  the  capillary  of  tobta  of  th«  Unorida. 

J  '  Bc^.  Soc.  Proo.,'  Tol.  66,  p.  M. 
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tetm-flsoride).  The  affect  of  th«  chlorine  bdng.  ^parently.  to  lower  the 
tampenture  of  the  gas,  asd  so  extingaiah  the  Unm  which  require  the  highest 
tnoperatare  for  their  pndoction. 

"  IxjckjFcr*  found  tb&t  tbe  pveeenoe  of  t^  chloriae  in  the  dissookted  chloridfle 
of  Tftrioiu  metals  bad  the  effect  of  extiaguiehii^  Ute  short,  and  tberernre 
presumably  high-temperature  lines,  for  he  writes :  '  It  was  found,  in  all  cases, 
that  the  difference  between  the  spectrum  of  the  chloride  and  the  Bpeotmm 
of  tile  metal  was :  TAeU  wader  the  aavK  spark  eonditiona,  the  short  lines  were 
eibhieraied,  v^ile  the  air  lines  remained  vmehemged  in  ^licknees.  Changing  the 
apBxk  oonditioBS  by  throwing  the  jar  out  of  the  circuit,  this  ehange  was  shown 
in  ito  strongest  fiirm,  the  final  ressUs  being  that  only  the  very  longest  lines  in 
the  qteetram  of  the  metal  remained.' 

"This  pronounced  difierence  between  the  behaviour  of  silioon  tetra-fluoride 
and  silioon  tetra-chloride  had  the  eflect  of  again  throwii^  doubt  on  the 
Bilwon  origin  of  the  lines  under  discussion.  On  examining,  however,  t^e 
photograpln  taken  for  the  purposes  of  the  former  paper,  in  which  the  spark 
spectruoi  had  been  taken  in  hydrogen  from  beads  of  sodium  and  potassium 
alioates  made  from  rook-crystal,  it  was  seen  that  these  Unes  did  oocui-  as 
AoTt  lines  eJoBe  to  the  beads,  but  not  -extending  throughout  the  spark,  ae  did 
the  other  lines.  This,  in  itself,  was  another  evidence,  not  only  of  their 
silicon  origin  but  also  of  the  high  temperature  requisite  for  their  production. 

"  All  farther  doubt  was,  however,  set  at  reet  by  preparing  other  beads  of 
potaasiimi  silicate  from  carefully  purified  silica,  made  from  sibeic  acid 
precipitated  from  silicon  tetra-^uoride  by  water.  The  spectrum  of  tAteee 
beads  showed  these  lines  as  short  lines  as  in  the  case  of  rock-crystal  silicate, 
and  their  length  was  not  much  increased  by  sparking  the  beads  in  the 
fHMd  state. 

"  Accordingly,  the  weakness  or  absence  of  these  lines  from  the  capillary  of 
Bilieon  tetrar^hloride  vacuum  tubes  was  attribated  to  the  above-mentioned 
effisot  of  chlorine.  These  lines  can,  however,  be  obtained  from  silicon  tetro- 
ohloride  tubes  as  strong  lines,  having  much  the  same  relative  intensity  as 
those  obtained  by  Lockyer  from  the  bromide,  by  increasing  the  number  and 
site  of  jars  and  the  width  of  the  spark-gap;  hut  only  at  the  expend  v/deeom^ 
poeing  the  ^aes  of  the  tube  itself.  This  decomposition  of  the  glass  is  evidenced 
by  the  appearanoe  of  a  strong  Bpectnim  of  oxygen  and  the  almost  complete 
obliteration  of  the  chlorine  spectrum,  much  in  the  aame  way  as  the  spectra  of 
aigon  and  helium  can  he  obliterated  and  replaced  by  those  of  silioon  and 
oxygen.  The  spectrum  thus  obtained,  is,  in  fact,  practically  identical  with 
•  '  Pha.  TnuM.;  Tol.  183  (1878),  p.  268. 
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that  obtained  uader  similar  oonditaona  from  a  tnbe  filled  with  pure  oxygen  at 
]aw  prewure  (2  mm.),  residual  air  or  any  other  gas,  and  cannot  in  any  way  be 
r^airded  as  a  spectrum  of  dissociated  silicuin  tetra-chloride. 

"  A  conaideration  of  these  facts  suggests  a  serious  objection  to  the  acceptance 
of  the  spectrum  obtained  by  Lockyer  from  a  silicium  bromide  capillary 
vaeuam  tube  by  the  use  of  the  large  Spottiswoode  coil  and  plate  condenser,  as 
evidence  that  the  lines  in  question  are  silicon  lines.  It  is  clear  that  they  may 
be  and  pmbably  foe  obtained  from  the  glass  tube  and  might  equally  well 
belong  to  some  other  material  contained  in  it 

"  For  example,  the  H  and  K  lines  of  calcium  and  the  D  lines  of  sodium,  and 
even  the  sb«ng  triplet  of  manganese  often  accompany  such  spectra,  and  one 
might  equally  well  attribute  the  lines  to  some  other  and  possibly  unknown 
substance. 

"  The  weakness  of  the  lines  when  obtained  from  silicon  itself,  a  substance 
likely  to  contain  impurities,  as  results  show,  and  the  fact  that  Exner  and 
Haachek  did  not  obtain  them  from  the  specimens  of  silicon  with  which  they 
worked,  would  rather  suggest  that  they  were  due  to  some  impurity  in 
Lockyer's  specimen  of  silicon ;  the  fact  of  obtaining  them  as  such  strong  lines 
from  a  silicium  bromide  capillary  vacuum  tube,  under  the  conditions  of  his 
experiments  is  no  evidence  to  the  contrary. 

"  Such  evidence  must,  in  fact,  be  obtained  fi-om  carefully  prepared  pure 
silicates,  or  other  pure  silicon  compounds,  sparked  vttder  trick  condiiions  that 
the  presence  of  glass  cannot  possibly  vitiate  the  results.  These  two  lines  are 
present  in  e  Canis  Majorie  and  other  helium  stars,  as  strong  lines,  tc^ther 
with  other  silicon  lines,  but  the  low-temperature  silicon  lines  are  either 
absent  or  very  weak,  the  only  low-temperature  lines  present  in  t  Canis 
Majoris  being  the  persistent  pair  4128  and  4131,  which  are  weak  and  indistinct 
lines." 

The  photographs  presented  by  Lockyer  and  BaxandaU  only  serve  to 
cmifirm  the  views  expressed  in  the  foregoing  extract,  viz. :  that  the  silicon 
lines  from  their  vacuum  tubes  filled  with  gaseous  silicon  compounds  have 
their  origin  as  much  in  the  material  of  the  glass  capillary  as  in  the  gaseous 
compound  introduced,  and  if  we  had  no  other  evidence  to  the  contrary,  we 
m%ht  equally  well  say  that  the  lines  of  calcium,  sodium,  and  manganese, 
which  appear  in  vacuum  tubes  so  filled,  belong  to  silicon  and  not  to  the 
metals  named. 

The  spectra  of  silicon  tetra-fluoride  vacuum  tubes  reproduced  in  their 
paper  show  a  very  strong  spectrum  of  oxygen,  which  is  sufficient  evidence 
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that  the  spark  conditions  were  auoh  as  to  result  in  the  deoompoaitioa  of  the 
glass  of  the  tube,  which  introduces  great  uncertoiotj  as  to  the  natore  of  all 
the  materials  thus  rendered  incandescent.  The  oxygen  lines  cannot  be 
due  to  contamination  with  atmospheric  air,  aa  the  spectrum  of  nitrogen  is 
absent 

The  photi^rapbs  of  spectra  which  accompany  this  note,  show  clearly  the 
unimportant  part  played  by  the  silicon  tetra-fiuoride  in  the  production  of  the 
silicon  lines  in  Lockyer  and  Baxacdall's  photographs,  as  their  spectrum  is 
practically  identical,  except  for  the  presence  of  a  few  fluorine  lines,  with  the 
second  strip  of  the  photographs  sent  herewith,  which  was  produced  from  an 
oxygen  tube,  and  could  have  been  equally  well  obtained  from  a  tube  con- 
taining argon,  helium  or  other  gases  under  suitable  conditions  (Plate  2). 

The  Srst  strip  shows  the  spectrum  of  oxygen  for  comparison.  It  was 
taken  from  the  same  tube  as  the  second  strip,  but  with  small  coil  and  small 
jar  instead  of  the  heavy  disruptive  discharge  from  the  large  coil  and  four 
large  jars.  The  third  strip  shows,  however,  that  a  true  spectrum  of  dissociated 
silicon  tetra-fluoride  may  be  obtained  without  simultaneously  producing  a 
strong  oxygen  spectrum.  This  is  a  spectrum  of  the  gaseous  materials  purposely 
introduced  into  the  tube,  and  not  one  of  the  glass  of  the  tube  itself,  and 
therefore  it  has  far  more  value  as  evidence,  especially  in  view  of  M.  de 
"Gramont's  statement  that  the  lines  of  Group  IV,  in  his  experiments,  appear 
and  disappear  with  the  air  lines. 

This  photograph  was  produced  with  a  small  coil  and  a  small  jar,  which 
gave  ft  disohat^  insufBcient  to  decompose  the  glass  capillary.  It  will  be 
seen  that  the  spectrum  of  oxygen  is  almost  completely  eliminated,  a  trace 
only  of  the  strongest  lines,  the  strong  triplet  mentioned  by  Lockyer  and 
Baxandall,  being  just  perceivable. 

The  two  strong  lines  of  Lockyer's  Group  IV  are,  however,  amongst  the 
strongest  in  the  spectrum,  and  they  are  accompanied  by  the  well  known 
pair  X\  4128  and  4131  in  Group  II  and  the  strong  triplet  of  Group  III.  * 

Moreover  the  spectrum  of  fluorine,  considered  later,  is  much  stronger  than 
in  the  Kensington  spectra.  The  strongest  fluorine  lines  are  marked  with 
one  black  dot  at  the  upper  end,  whilst  the  silicon  lines  are  marked  by  one 
black  dot  in  the  middle,  the  wide  pair  of  silicon  lines  to  the  left  heit^[ 
the  two  strong  lines  of  Lockyer's  Group  IV,  A.  4089  and  \  4116,  the 
close  pair  on  their  right  belonging  to  his  Group  II,  X  4128  and  X  4131, 

*  Sir  Nomwn  Lookjer  ud  myself  ftlmoat  rimultaneoul;  uid  indepondeiitl;  ditoorared  tbMe 
■tTong  •tollmr  linM  (Qronp  III)  to  be  due  to  ailiDon,  but  both  of  u«  hul  not  notdoed  that 
H.  da  Orunont  had  prerioiul;  reoordsd  them  aa  siliooii  lines,  vhinli  he  fonnd  in  the  ipeotim  of 
di«atw  ('  Comptea  Beodns,'  *i^  124,  p.  192). 
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and  the  atroag  triplet  on  the  ri^ht  being  Group  III,  X  4563,  X  4568,  and 
X4576. 

Strip  IV  shows  the  central  part  of  a  negative  taken  from  a  silicon  tetra- 
fluoride  capillary  under  oonditiooB  which  leave  part  of  the  SiF^  undecom- 
posed,  as  the  band  spectrum  of  this  compound  (mentioned  also  by  Eberhard) 
shows.  In  this  the  fluorine  lines  are  practically  absent,  although  the  silicon 
lines  are  very  strong. 

All  the  12  lines  •  (Gronp  IV  being  absent)  of  Lockyer'a  first  three  groups 
are  exceedingly  distinct,  as  well  as  two  lines,  the  pair  co  the  right  of  the  very 
strong  pair  X  4128  and  X  4131,  which  I  regard  as  two  new  silicon  lines  not 
hitherto  recorded  by  any  who  have  worked  on  the  spectrum  of  silicon. 

Strip  V  shows  the  pair  4128,  4131  as  intense  as  in  strip  III,  but  without 
the  lines  of  Groups  III  and  IV.  It  is  interesting  as  representing  the  low- 
temperature  stellar  spectrum  of  silicon  reproduced  in  the  laboratory.  It 
is  from  a  silicon  tetra-chloride  vacuum  tube. 

Herr  G.  Eberhard  t  has  also  made  an  important  investigation  of  the 
spectra  of  sihcon  obtained  from  its  halogen  compounds,  he  says :  "  The  arc 
lines  X  3905  and  X4I03  occur  throughout  the  spark,  but  the  lines  X  4089  and 
X  4116  on  the  contrary  occur  only  in  the  immediate  neighbourhood  of  the 
points  of  the  electrodes,"  which  screes  with  the  results  of  my  experiments 
with  silicates  mentioned  in  the  preceding  extract,  and  probably  explains  why 
Exner  and  Haschek  missed  these  lines,  as  Eberhard  points  out 

The  wave-length  of  the  silicon  line  4116  cannot  be  accurately  measured  in 
presence  of  a  strong  fluorine  spectrum  uulees  sufBcieut  dispersion  is  employed 
to  separate  the  slightly  less  refrangible  fluorine  lina 

I  have  bitherio  left  out  of  account  the  middle  line  of  Lockyer's  Group  IV, 
viz. :  X  4096'9.  It  is  a  very  important  stellar  line  as  the  following  extract 
from  Cannon  and  Pickering's^  intensities  show. 

29  Can.  Maj.  r  Can.  Maj.  <  Ononis.  ^  Centauri.  y  Ononis. 

4089-2§ 6  12  15  5  2 

4096-9  18  6  4  2  1 

4101-8Hi 25  25  25  36  40 

4116-2  3  6  10  2  0 

*  Th«  greao  pur  6042,  6067,  Qa  tm  line  8906,  uid  the  Groap  II  triplst  3864,  S866,  uid  88A8 
an  oiitnd«  th«  limila  of  tlM  atrip  tent  for  Kprodnotion. 

t  '  Zeitodmft  fflr  WiwefuohafUialie  Pb^ognphie,  FhotophTnk  und  Fhotoohemu,'  Band  1, 
Haft  10, 1908,  p.  349. 

J  ■  Annali  of  the  ObMrratoT}'  of  Hoiranl  Collage,'  toI.  3S,  part  2,  pp.  238  and  £86. 

%  The  firet  and  last  of  thcae  are  lilioon  linee.    Cannon  and  Fiokering  aaiign  no  origin. 
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The;  say:  "4096-9  is  so  neat  Ht  wave-length  4101-8  that  it  gives  the 
hydrogen  line  the  appesnuice  of  being  donole,  or  of  having  a  bright  central 
line  superposed  on  a  broad  dark  line.  By  superposing  this  spectram  npon 
tliat  of  another  star,  it  is  easily  seen  thatHj  is  Bet  doable. 

"  It  tiien  appeals  that  H4  of  the  superposed  image  matohea  the  line  of 
greater  wave-length  in  this  epectrum  and  the  line  4096*9  is  w«ll  separMed 
from  the  hydrogen  line.  4096-9  has  not  been  seen  in  the  precedii^  clauea  «t 
spectra,  and  is  strongest  in  spectra  of  this  class  (viz.,  Oe)  declining  in  intensity 
in  succeeding  classee  ontil  B^A  ia  reached,  when  it  is  not  present" 

It  is  donbtless  the  same  line  that  Lockyer*  records  as  X  4097'3  in  <  Orionis, 
ascribing  its  origin  to  Si  (IV),  and  Hartmannf  in  £  Orionis  as  \  4097*49,  he  also 
ascribing  it  to  silicon,  following  Lookyer  and  Bzner  and  Haschek  as  regards 
origin.  Exoer  and  Haachek  find  its  wave-length  as  4096*8,  whilst  A.  de 
Gramont  places  a  Une  at  X  4097*3,  but  aaoribes  it  to  air.  Ebeihard  does 
not  mention  any  silicon  line  here. 

This  line  is  certunly  not  present  in  the  purest  silicon  spectra  which  I  have 
been  aUe  to  obtain  and  which  show  the  other  two  lines  of  Group  IV  atrot^y. 
In  strip  III  of  the  accompanying  photc^raphs  its  place  lies  betAveen  the  mlioon 
Une  4089  and  the  fluorine  line  4103,  a  r^oa  destitute  of  lines  of  any  kind. 

In  29  Can.  Uaj.,  according  to  Gannon  and  Pickering,  this  line  is  three  times 
as  intense  as  the  stronger  silicon  line  of  Group  IV,  but— as  is  shown  in  the 
preceding  extract  from  their  intensities — it  becomes  weaker  in  stars  showing 
the  Group  IV  lines  of  silicon  more  strongly.  I  am  oonvinoed,  therefore,  not 
only  because  of  the  absence  of  this  line  in  strip  III  and  its  relative  weakness  in 
the  spectra  of  both  Lockyer  and  Exner  and  Haschek,  but  also  because  of 
stellar  evidence,  that  some  other  origin  than  silicon  must  be  80i^;:ht  for 
this  line. 

There  are  both  oxygen  and  nitrogen  lines  very  close  to  this  place,  but 
neither  of  these  elements  account  for  the  strong  stellar  line.  These  elements 
are  sufficient,  however,  to  account  for  the  line  in  laboratory  spectra  of  silicon 
showing  air  lines. 

Mener  and  Haschd^s  Hnea  3883-46,  4021*0  and  4764-20.— These  lines  do 
not  appear  in  the  Cape  photographs.  Keither  Lockyer  nor  Eberliard  finds 
them  and  M.  A.  de  Gramont  does  not  mention  ^em.  They  also  should 
be  struck  out  from  the  list  of  silicon  lines,  as  due  to  accidental  impurities. 

Line  X  4030.— Similarly  with  line  X  4030,  found  both  by  Exner  and 
Haschek  and  Lookyer,  although  Lockyer  states  that  it  may  be  due  to  an 

*  '  0»ba<^nie  of  470  of  OiB  Brighter  Stan  '  (1002),  p.  5E. 
t  '  AMmphfaicBi  Jonmal,'  toI.  19,  p.  ITS. 
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impurity,  and  he  does  ooti  inclwde  it  in  any  of  his  ioor  gnnpa    TUa  line  in 
not  obtained  either  by  Eberhard  or  myself,  and  should  alae  be  stouck  out 

Line*  \  3854  and  \  4103^-Tbei  Hnea  3863-9  aa6  4103-2  at  Locker, 
whieb  Eberhard  does  not  obtain,  ara  present  lb  the  Gape  photogn^shs,  whilst 
Exner  and  Haschek  record  them  as  doable  lines.  I  do  not  doubt  the  siUeon 
origin  of  these  lines,  but  find  tbon  to  be  single  and  not  double.  The  latter 
line  is  involved  with  both  fluorine  and  oxygen  lines  when  tbe  spectra 
of  those  elements  are  present,  but  it  is  seen  both  in  the  spectra  cf  the 
chloride  and  fluoride  of  silicon  whan  examined  sndei  oonditioas  which 
preclude  the  presence  of  tbe  halogen  spectra. 

lleution  may  also  be  made  of  two  pairs  of  silicon  line*,  one  in  the  orange 
and  another  in  the  red,  which  were  first  noted  by  A.  de  OraoKWt.  These 
I  have  confirmed,  as  well  as  the  green  pair  also  noted  by  A.  de  Graraont  and 
confirmed  by  Lockyei. 

/few  pair  of  SUieon  Ltnea. — There  is,  however,  another  pair  of  lines  which 
have  not  hitherto  been  recorded,  which  I  regard  as  low-temperature  siKoon 
lines.  Their  wave-lengths  are  \  41 91*0  and  \  41985 ;  they  are  well  shown 
in  strip  IV.  On  the  same  n^^aLive  are  six  other  low-temperature  lines,  viz. : 
\  3854,  X  3856,  \  3863.  \  390C  and  the  green  pair  X  5042  and  \  5057.  The 
pair  \  41'iS  and  X4131  ia  very  strong  in  the  photc^raph  (strip  IV)  whilst 
X  4103  is  a  weak  line. 

The  banded  spectrum  of  the  undecomposed  fluoride  is  also  well  shown. 
This  partial  dissociation  of  the  gas  is  evidence  of  the  low-temperature 
condition,  and  the  absence  of  the  fluorine  lines  is  well  marked. 

This  now  pair  of  linea  was  also  obtained  in  the  chloride,  both  in  capillary 
tubes,  at  pressures  of  from  3'o  to  125  mm.,  and  also  in  the  spark  between 
platinum  electrodes  in  a  bulb  filled  with  the  vapour  of  the  chloride  at 
atmospheric  pressure. 


Note  on  the  Spedrum  of  Fluorine. 

It  is  a  remarkable  fact  that  none  of  the  observers  who  have  worked  with  tbe 
spectrum  of  silicon  tetra-fluoride  have  attempted  to  assign  a  definite  spectrum 
to  fluorine,  although  its  lines  must  have  accompanied  most  of  their  silicon 
spectra.  It  is  also  remarkable  that  Lockyer  and  Baxandoll's  Plate  11,  strip  A, 
shows  the  strongest  fluorine  lines  clearly  difierentiated  from  the  oxygen  and 
silicon  lines  by  being  thickened  in  the  lower  half  of  the  strip.  Notice 
particularly  the  line  beneath  the  letter  V  in  Vacuum  Tube. 

None  of  the  silicon  and  oxygen  lines  have  this  appearance,  and  the  following 
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lines  may  be  picked  out  in  their  photograph  by  mere  inspectioB,  viz. :  X  4103 
X  4109,  X  4246,  X  4299,  and  X  4447. 

The  further  elucidation  of  this  interesting  spectrum  is  suggested  as  a 
iVuifcful  Held  for  further  research,  which  might  preferably  be  undertaken 
outside  an  astronomical  obeervatory. 

It  ia  evident  that  a  complete  knowledge  of  the  spectrum  of  fluorine  will 
help  to  increase  our  knowledge  of  the  spectrmn  of  silicon,  and  probably  that 
of  other  elements  which  have  volstUe  fluorides. 

There  is  a  fluorine  line  on  the  green  side  of  the  4116  silicon  line  with  a 
wave-length  of  +  X  41168,  stronger  tiian  the  fluorine  line  4113  and  fainter  than 
4119,  which  in  spectra  of  dissociated  silicon  tetra-flnoride  gives  the  silicon 
line  too  high  a  value  for  wave-length,  unless  sufBcient  dispersion  is  employed 
to  separate  the  two  lines. 

A  list  of  lines  which  may  be  ascribed  to  fluorine  is  appended.  There  are 
oUier  lines  iu  this  region  which  may  be  due  either  to  silicon  or  fluoriDe,  but 
further  experiments  are  necessary  before  their  origin  can  be  determined 
satisfactorily. 

Spectrum  of  Fluorine. 
X.  Intensity, 
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The  Basic  Gamma-Functicm  and  the  Elliptic  Functioru 
By  the  Rev.  F.  H.  JackSOH,  RN. 

^Communicated  by  Profeeaor  A.  K  Forsyth,  So.D.,  LL.D.,  F.B.S.     BeoeiTed 
Novemher  12, — Bead  December  16, 1904.) 

Introduction. 
Id  this  paper  I  propose  to  disciuB  certaiu  product  functiona. 
L  FanctioDS  of  which  the  typical  factor  is  [x+tw],  that   is    to  say 

Cj'-*--1)/(?-i> 

II.  Fonctiona  of  which  the  typical  factor  ia  [a!+m<B,+na)g]. 

The  fimctioiiB  beloi^og  to  the  first  cla^s  are  substantially  the  q  prodacts, 
which  appear  in  Elliptic  Fanction  theory.  Many  different  notations  have 
been  used  in  the  discussion  of  such  functions,  notably  the  notations  of  Jacobi, 
Weierstrass,  Halphen,  Tannery,  and  Molk.  Halphen*  discusses  the  notations 
used  by  various  writers,  and  compares  their  respective  advantages.  In  the 
following  work  the  products  will  be  discussed  under  a  notation  uiali^ons  to 
that  of  the  gamma-function.  The  function  F^  («,»),  which  will  be  used  is 
the  simplest  function  satisfying  the  difference  equation 

/(«+«)  =  M/(i),  (A). 

p  is  termed  the  base,  and  o>  is  termed  the  parameter  of  the  function.  In 
caBej>=  1,  the  function  ry(it;,  to)  degenerates  into  the  gamma  Function  with 
parameter ».  i 

From  r,  (x,  v)  a  function  &p  (x,  w)  will  be  derived. 

^'*'"»>  =  r,(.-^)r,w 

It  is  manifest  that  when  ;>  =  1,  this  function  will  d^enerate  into 
anirx/io,  also  that  for  special  values  of  p  it  will  differ  from  the  o-  functions 
only  by  an  exponential  factor  of  the  second  d^ee.  Functions  of  this  nature 
are  discussed  by  Halphen.t 

In  the  discnssion  of  the  products  with  a  typical  factor  [x  +  ma>^+ m« J, 
functions  Gf{x,tu)  and  G,  (x,Ui,  cdj)  analogous  to  the  G  function  and  the 
double-gamma  function  will  be  formed,  and  from  these,  certain  functions 
denoted  T,  (fc,  w),  T  («,  <0],  (Dg)  will  be  derived,  satisfying  difference  equations 
for  the  (0  parameters,  with  elliptic  function  coefficients. 
*  '  Fonctiona  ElliptiquM,'  vol.  I,  p.  SSSL 
'  'Fonctiona  Elliptiqaes,'  vol.  1,  pp.  S40,  *l  *tq. 
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For  general  investigationa  of  q  serieB,  aot  specially  in  connectioD  with 
Elliptio  Fimotion  theory,  I  refer  to  Hetiie^*  to  meaomt  by  Frofeswr 
L.  J.  Sogers,  and  to  simdzy  papetsj;  by  the  aa^or. 

It  may  be  useful  to  state  here  the  principal  traDsformationa  which  appear 
in  this  p«per. 

r,(.,^)=eo„t.n;{r,(«+^,.)}. 
^(-,J)=c»,.Jn{s,{.+™.)}. 

^(-t)=  >:'.{m^^?-)}- 

G^(„,.)  =  xo.[l]-"'~-'  n;n;{G,(«+I±-' -,.)}, 
T^(»,.)  =  o.[i]""";n 'n;{T,(x+'-±-'...)}. 

1. 

Faiutum  F,  (x, »). 
In  order  to  bring  the  function  r,([3:])§  into  line  with  more  general 
producte,  we  introduce  a  parameter,  a,  and  form  a  function  satisfying  the 
didbrenco  equation 

/(x+«)  =  [x]/(..), 

and  euch  that  r,((t),a>)  =:  1. 

The  functioD  is 

in  which  I  y"  I  <  1. 

The  infinite  product  is  also  convergent  when  [  ^  [  >  1,  but  the  function 
doea  not  then  satisfy  the  difference  equation  /(«  +  »)  =  [a;]/(a:).  By  intro- 
ducing, however,  an  exponential  factor,  j;'<*+">'*",  we  have,  in  case  \]f'\  >  1, 
a  function 

*  '  Kugelf unctiooaB,'  chap,  t,  toL  1,  Appandix. 

t  '  Loudon  M&th.  SoCf .  Proc.,'  vols.  24  and  SS. 

t  'Londoti  Math.  8oey.  Froc,'  Mriee  2,  vols.  1,  S,  and  3  ;  'B.  S.  Edin.  Tram.,'  voL  41 ; 
'Amer.  Jour.  Math.,'  vol  87. 

§  '  Roy.  8oc.  Proa,'  vol.  7i,  p.  61. 
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which  Batiafiea  the  difference  equation  (A).  In  terms  of  the  function  P,  ([x]),* 
we  find 

atulogoua  to  Fj  (:e,  w)  =  ii»W")->r  (»/«))  .t 

It  is  eaaily  deduced  that 

r,(-«,  -«)  =  -;^«»«"r,(l,«> 
The  fnnction  (I)  may  be  ezpreased  in  other  forms,  for  example, 

„/       =,[:,](l-y)l-nfet^ 
r,(a:,«))  •^'    ,.i    M 

=W(l-/,)»-n_-[l  +  r'J^]}-  (B) 

These  expressions  are  absolutely  conrergent  of  |  ^  |  <  1,  bat  they  are  not 
convergent  in  case  p  =  1.  We  can,  however,  form  an  expression  convergent 
in  this  liTniHng  case,  viz. : — 

^,  =  «--W_n{(i+^M),-«,}.  (C) 

A  similar  expression  in  case  |  ^  |  >  1,  is  easily  written  down.  As  p 
approacbee  the  value  unity  from  either  side,  the  two  expressions  C0DTei;ge  into 
a  limiting  form,  viz.,  Weierstrass'  expression  for  the  gamma-function. 

Multiplication  Tlieorem  and  TTans/brmaliim  of  the  Parameter  w. 


Then,  since  ,     , 


V,iinx+n».»)  =  h » lT^{nx+(n'-l)m,ia), 

LnJ 
ve  find  ^(x+a)=  ^ {x). 

The  function  6  (jc)  has  no  singularities  when  x  is  positive,  it  is  finite  and 

*  'Roy.  Soc.  Proc,'  vol.  74,  p.  61. 

t  ty,  Bamea, '  Hessenger  of  Hathematies,'  1890,  p.  71. 
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nngle-Talned  smce  only  princsipal  values  of  [x]  are  denoted  by  that  symbol, 
therefore,  by  Lionville's  theorem,  ^(x)  is  conatant,  and  by  putting  a^=--,  we 
are  able  to  write 

which  is  a  quasi-multiplloation  theorem  tor  the  ftmction  F,  (x,  w),  redncing  to 
the  multiplication  theorem  of  Qauss  and  L^ndie  in  case  p=  1,  w=  1. 
It  is  eaeily  shown  that 

r^(««.«)  =  [i]-rr,(a:.^).  (7) 

If  we  apply  this  to  equation  (6),  it  reduces  that  eqaation  to  the  form 

'■'('• -:)=<?l{'-'('+v-)}'         w 

in  which  C  =  n  |r,fe  a,\l~\ 

I  )enoting  the  derivatives  of  1(^  F,  (x,  m)  by  ^^  (x,  to),  it  is  seen  that 

These  expreasiotia    form  transformation    theorems  for  Vf(x,a)  and  its 
logarithmic  derivatives. 

2. 
FajKtion  Sf(x,o>). 
Consider  the  absolutely  convergent  prodnct 

/(.,  =  xM{t-d^}  {^^±^^}  .....       (10) 

which  reduces,  in  case  p  =  1,  to  X  sin  —.  The  product  may  be  expressed  by 
(l)a. 


r,(a:. iu)r,(aj— ic,  w)' 
Choofle  7^  =  r,  (^, «],  and  now  denote  the  function  by  the  symbol 
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It  is  at  once  evident  that 

also  by  means  of  the  difibrence  equation  of  the  T,  function 


S,(3:+2mi«)  =  ^-»«-"«"-")-S,(a:>  (11) 


Transformation  of  the  Faratneter  a. 
It  has  been  shown  that 


therefore 


=  c-'n  {r^x+^)r,(«-«-^)].r,(»+.)r,(,-4  (12) 

Since        S,(i,»)  =  =- ^M, .    and    XI  =  r,fe«)V 

^^      '      r,(n.  +  »)r,(»-«)  '\2     /' 

we  &re  able  to  write  this  equation  (12) 
S,(*.  ?)  =  A.S,(i,»)S,(»+?,»)  . . .  S,(i+^''~')",«V  (13) 


r,(|,«)  =  (i-r)'n  ji^  =  n.ip.+yw«+. . . . 

Denoting  the  first  derivative  of  log  S,  {x,  a)  by  Z,  (x, »),  and  the  second 
derivative  by  ^f(x,  m),  it  follows  that 

*  Cif.  Balphen,  'F<Hictioii8  EUiptiqnea,'  vol.  1,  p.  I&R. 
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From  the  iofinite  product  expressioo  for  T/x, »)  it  followB  that 

r,(>,-n,i)r,(i->,,i)  =  j,(,_^(<L-%^^,-'  (1=) 

It  is  easily  deduced  that 

s,(^,  i)  =  |^(8'-i)-r^(i).T-!g-^.,W, 


z,l',  i)  =  i™i-?3«+2«,!:<«). 


(16) 


Various  series  expreasions  for  the  FuoctionB  S,  Z,  and  ^  may  be  obtained, 
either  directiy  from  their  forms  given  above,  or  from  known  series  in  connec- 
tion with  the  functions  a,  S,  p  or  the  functions  3|,  3„  ^,  of  Halphen's 
Treatise: — 

Since  S,K.j^r,(y)r,(.-y)^  ,1,, 


s,(y,«)     r,wr,(«->^)' 

aud  the  qnotieDt  of  the  basic-gamma  functions  may  be  expanded  in  a  Heinean 
aeries.t 

]  I  r.["-y-«ir»-y1 1  -J"-ir-»']P«i-!>-';l[»-i(l[»-y+»]. 

^*^      W[<— y]         ^  t»K2»][»-j)[2»-jl 

also  S,(|,»)  =  l, 

it  follows  that 

•^  '^  [uJl^n]  L«J  [2»J  [3w]  [4«] 

Similarly,  (18) 

■^-<'-)  =  ^-'^piiii^^ 

and  by  taking  account  of  the  expression 
in  which  q  =  e*™i'"i,  we  find 

J.fc-„-i<--«£M=  l+yiL^iJ    +    ....  <19) 

«  <y.  Halptken,  roL  1,  p.  39% 

t  '  Amer.  Journal  UbIIl,'  voL  S7,  p.  I. 
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3. 
Smet  involving  q  Form*  of  Besael'a  and  Legmdre't  CoefftcienU. 
I  have  ebowD*  that 

I,     (l-«)(l-y.)  ....  (l-p-») 

*        *     ..41-j«)(l -?)■•%)....  (!-?"■«) 
[1]    *^       [2]  I 

(_i).pi>i.-.iMl'— ']  ■  ■  ■  [''-^+tly^  

Changing  the  base  p  into  ji*,  and  replacing  x  by  ji^X,  we  write 

={--^[^^^*[¥]- . . .  ..--gi^^^^i^. :.  ■.}.■  • 

Writiiig  X  =  «»,  we  have 

(l-y%^_,x(l-j^i«-«^.,  =  (l-2j.'«<!OT2»+yW)_, 

.  i ,  (1  -  V'i»  CO"  a+p^-'if) 
The  coefficient  of  of  in  the  prodnct  of  these  two  Niies  is 

=  j>-^,(coa2«). 

In  CASe  p  =  1,  this  coefficient  is  a  well-known  fonn  of  Legendie's  coefficient 
F.C06  2«. 

*  '  Lond.  MAth.  Soej.  Proa,  mhm  8,  toL  2,  p.  193. 
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(l-2p*4fco82tf+pW)_j=  l+^,(oo82^+aV^(coe2^+  ....    (21) 

Making  a;  =  1,  we  obtain  at  ouoa  from  this  a  series  for  Jacobi's  functiou  sn, 
viz.: — 

^^^^^|^*  =  l  +  *('»»2»)  +  sT?.(c<»2<l)+ ■    (22) 


;,(i-V"'o<»2»+p<-->)' 

It  foUowB  that 

^  =  i+?s,(i)+5TP.(i)+ ■  ■■ +rs.a)+ ■•  ■■     (23) 

in  wbich 

■n.m-r    r2.11    fii     r2»i       r3i     [2»if2.-2i 

»■*'•'     '^l[2]...[2»])'t      [2][2»-l]  +  [2][4]  [2»-l][2n-3] 

In  precisely  the  same  way  we  see  that 

^      '     '-'     ...(l-y>-')ue)(l-j>^-)u)  ...  (1 -?■♦•— X*)' 

and  by  takii^  the  product  of  two  such  series,  vi*.,  (1— y*Xa;)_;(l  -j)'X~'*)_[, 
we  find 

.W2(»82(»-2)«+   .  .  .  . j.      (26) 

In  case  s  be  an  odd  integer,  the  infinite  product  may  be  written 

•     (1-2Voo8  2«+jV-) 


,1,    (l-2a5)»-'C082«+«y-')  „i(l-2«p*'-'c082«+J>*-')' 

The  expansion  in  powera  of  x  of  the  first  of  these  products  is  well  known — 

\  +  i>^+c^+  .... 

_  ,.„-.['-l][»  +  11[»+31  .  ■  .  [»+2n-3] 
^  [2][4]...[2»] 

(2co.2.^.f  ^  P^H'-^l^j  2c.e2(.-2)94.  ....}; 
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hence  the  following  relation  will  hold  among  the  coefficients  ^ .,  ^ ,',  c : — 

f,'  =  f.+c,f^,+ft,f^j+  ...  +0^  (26) 

Serine  involving  q  Forms  of  Sesad^s  Coeffinenis, 

In  this  section  certain  series  expressions  for  elliptic  functions  will  be  found 
which  will  contain  coefficients  denoted  If.},  J^.],  eta 

J[.]  being  the  generalised  Beaael  function.*    If  we  invert  the  baae  j>  in  the 
function  I(.],  that  is,  replace  p  by  p'',  we  obtain 

which  we  denote  P^^w  (<")• 

Similarly,  by  inversion  of  the  base  p  in  the  fiinctiou  J(Bg,  we  obtain 

=y3i.iw,  (29) 

and  iioi  p*  %{niifi, I p),  as  is  erroneously  stat«d.t 
From  the  well-known  equation 


fii.+r«)  =  i+g£j-)+(7=W^^ 


-we  deduce  that 


[1]    [2]! 


(P  >  1).      (30) 


=  Eifr).  0><  1) 

If  we  chaoge  the  base  p  into  p*,  and  write  J^/p  + 1  for  X,  we  find 

n  ri^.a^y-1)  -..-1  ^  i+ii+,i<L+ 

..,1  *    y+l     ^     /  [2]    [2][4]* 

and,  as  in  the  case  of  Bessel's  coefficients. 


*  *Roy.  Soc  Proc,"  vol.  74,  p.  «7. 


VOL.  LXXVI.— A. 
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_ft{(l+»(0.-l)y— )(l+xr"(y-l)j,— ))=E,,(j|)xE^(^') 

=  I„,(«)+S(C+(-)I,.,(i).  (31> 

and  by  a  change  of  the  variable  x,  on  replacing  t  by  r^"*,  we  find 

_&  {1-2:^,— C08  2e  +  >«i.-^}  =  I,.,(j^)+l«-  +  r.).I[.,(j^).  (32) 

The  convergence  of  the  infinite  product  requires  ^  >  1.    Keplace  p  by  j"*, 
a:  by  ic 

(a  <  !)■       (33) 
In  tiie  notation  of  Tanneiy  and  Molk  •  this  may  be  written 

or  in  terms  of  Jacobi's  functions. 

The  functions  denoted  5j(n),  3g(i'),  ^tCv)  by  Tannery  and  Molk  may  be 
similarly  expressed  as 

2i;^  =  3..(i^>^^^-— ^-3..(A). 


A  more  general  series  than  the  foregoing,  but  of  similar  type,  may  he 
obtained  from  the  expression 

from  which  we  deduce 

Jl^{(l+f\Kt)il+p*^*>'xi-^))=  t    p-(— »/i,,/£lllf)i-.        (37) 

*  '  ToDctiona  Elliptiqnes,'  vol.  2,  p.  18. 
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Replacing  t  by  e",  p  by  e^,  we  find  that  if  v  be  a  positive  integer, 

=  4l(^)+'«r'c«»(«-«.)/,.,(Z^).       <38) 

In  case  v=l  we  fiud  on  replacing  «  by  p''x  that  the  theorem  is  in  agreement 
with  (33).  A  great  number  of  interesting  relations  may  be  found  among 
the  various  coefficients  in  the  expansion  of  the  products  of  the  form 
n(l  +  2p*"teco8^+j>*^),  but  the  investigation  of  these  would  not  be  in  line 
with  the  rest  of  this  paper. 

4. 
G,  (a;, »). 
This  function  is  the  simplest  function  satisfying  a  difference  equation 

/<»  +  »)  =r,(x,«)/W,  (39) 

and  is  in  p  function  theory  the  analogue  of  the  G  function  of  Alexiewsky, 
which  satisfies  the  difference  equation 

A  history  of  this  function  is  given  by  E.  W.  Barnes  in  the '  Quarterly  Journal 
of  Mathematics,'  voL  31,  p.  264,  et  aeq.  In  case  |  p"  |  >  1,  the  expressioa 
defining  Gj,  (a;,  tt>)  is 

■  [;f«+„]'('-)«-y('-)(«-!-v<-',  (40) 
in  which  r,  is  the  function  defined  in  (1,  a).  In  case  |  p"  |  <  1,  the  proper 
expression  for  the  function  satisfying  the  difference  equation  (39)  is 

n  /  ,      XT        r,(ffl)r.(2<<.) .. .  r,(«tt.)       ,„,     ,   ,,^. 

[«»  +  «]'<'-V»-',  (41) 
in  which  Tp  is  the  function  defined  by  the  expressions  (1)  and  (B),  viz.,  the 
expressions  for  the  simplest  function  satisfying /(ar+w)  =  [^]/(x)  in  case 

lrl<i. 

As  in  '  Proc  B.  S.,'  vol  74,  p.  72,  it  may  be  shown  that 

G,(a:+w,«)=r,(a;,«)G,(x,«),  (42) 

we  proceed  to  investigate  a  quasi-multipUcation  theorem  for  this  function, 
and  thence  to  deduce  a  transformation  theorem  for  a  function  which  satisfies 
a  difference  equation 
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MuUiplicatitni  Thio^tm. 
The  theorem  to  be  discussed  is  a  geDeralisatiou  of  a  theorem  given  by 
E.  W.  Barnes,"  viz.  :— 

r>a«>a     \         n  I 
We  have  shown  Uiat 

r,.(.«. »)  =  A[lp-r,(«)  r,(>>+^) . . .  r,(«+l=l .) , 
R 

u>  which  A  =  L»J_. 

Consider    /(a;>  = il 5— 5 !^ Vl L- 

Gf^iitx,  a) 
Now 
G^(na:+n»,(»)=  V^nx)V^{nx+a>) . . .  V^  ()tc+n— l(u)G,K»"i  «), 

=:?i{4a--'"-''''(-?)  •  ■  •  r,(.-.^±i=i.)}xG.<-,.). 

therefore 

/(«)    "■*  UJ 

The  fnnction/(;c)  has  no  singularities  in  the  positive  part  of  the  x  plane,  it 
is  also  a  single-valued  function,  since  by  p*  we  always  denote  absolute  values. 
By  lionville'a  theorem  f{x)  is  constant,  and  we  may  write  its  value  as 

,/(|),    FiBjly 

0,;(«-,»)  =  Xc[i]~"""'""'",n.nG,(«  +  !i'»,i.),  (43) 

ID  which 

..  ,   ?'Nv)}      nr..  C.A.. 
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I^is  theorem  is  consistent  in  form  with  the  inultiplicstion  theorem  of  the 
G  fimction,  and  i«duces  to  Barnes'  expression  if  we  make  p  =s  1,  a  =  1. 


By  means  of  the  function  G,  (a  w)  we  can  form  a  f unctaon  satisfyiog  a 
difference  equation 

/(«)  =  <r(>;)/(«-«). 

then 


gfW 


T:,(x—a)  =  — ^ 

^'^       "'      G,(2<»-a:) 

Combining  these  with  Gf{x+m)  =  Tf(x,ca)Gp(x),  we  find  that 

T,(aT-«)  =  r,{x)r,(<^-x)r,(x), 

which  is  Tf(_x)  =  \-%(x)T,(x~»).       ^  =  rJ^.a\.    (45) 

Now  S, («)  may  be  expressed  as  Ae«+^<r (x)  =  S^ (—■,  l\ ,    (Resvilt  <16» 
in  whicli 

A  =  i<9'-i)-{r,(J»'.?.  »  =  -^. 

Mr  i** 

°  =  s^-  «  =  '-• 

BO  that  on  writing 

f(x)  =  ^*'"^,(^^.  (46) 

we  can  determine  the  constants  a,  0,  y,  that 

for  /(x) —  _  ^,t(^t^_.(,_8^_p{,_i.ji_^(,_a.^_t^^„+ta»   ,  V 

/(«-2«,)  ^  ' 

Chocmg  6>„    .  J  = 


«7»,-ru  =  V,     wB 

■'     i2.;w 

4;8»,-12t»,'+o  =  0,        , 

8^.,     4„,' 

2a», 

+  logA  =  0, 

6«,    4„/4«r2„, 
(4 

n 
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/(x~2t»3)  =  v(x—2ut)/(x-imj). 


/{x—2n-2m^  =  o-(a;— 2n.-2wi)/(a;-2n«i), 

/(x)  =  <r{x)ff(x-2t»t)  .  ■  ■  a-{x—2n—2e>j)/{3>-2n»^, 

(48) 
and  since  ir(,x-2mm,)  =  (-l)-e»»(«--*^, 

we  obtain 

fix)  =  {o-(a;)}-(-l)=^>'^'-**""''"/"'''-'x/(a:-2»a,,).  (49) 
In  connecUon  with  this  function,  we  notioe  that  Picard  has  given  a  function, 
F(a),  Buch  that 

F(«+2«^)  =  F(j),  F(«+2o.,)  =  e'-^-.S(*)r(«), 

in  which  S  (2)  is  a  given  doubly  periodic  function  of  the  first  kind.* 

Trm^formation  Theorem  for  the  Function  Tf{x, «). 
By  means  of  the  quasi-multiplication  theorem  of  the  G,  function, 

G,.(»,.)  =  «•£]""'"""""  n;.?l«'(-'+^"'')' 

we  derive 

T,i(nj;)  =  Gf';(to  +  7tx,ai)/G^{m—7ix,a>) 

,  ='='Kr'"'??{<''H^'")/«'('+^'")}- «») 


•  Cf.  Forsyth,  'Theory  of  Functions,  p.  S96,  Ex.  i. 
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Writiiig  the  double  product  of  the  quotient  of  the  G  fuDCtions  as 


.G«  + 


2»-l 


xg(«,-j,-2=^„)g(.-i-2^»)  .  . .  G(.-a:+^) 


xG(« 


-a!)G/«-H-^) G(»-a:+!=J,, 


(61) 


we  take  the  last  term  of  the  first  row  in  the  numerator  with  the  first  term  of 
the  last  row  in  the  denominator,  the  last  but  one  of  the  first  row  with  the 
second  of  the  last  row.  In  the  same  way  we  collect  the  terms  of  the  second 
row  of  the  numerator  and  the  last  row  but  one  of  the  denominator,  and  so 
on,  and  finally  obtain  the  expression 


xT.  +  ^T(x)...T.- 


60  that  T.-(jw:,w)=cH^il"^  n      n   T,(^a;+^'«,«V 

This  theorem  is  the  extension  of  the  theorems 

8ln()u;)  =  (;8ina;sin(j;+-| . . ,  sinf^  +  ^^^n-). 


(52) 


(63) 
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6. 

G,(a!,o»,«j). 
Conrader  the  doubly  infinite  product 

simultaaeQus  zero  values  of  m  and  n  being  excluded  itom  the  product 
This  product  is  absolutely  couveigent  if  |  p"  |  <  1. 
By  means  of  the  expression 

we  are  enabled  to  write  the  double  product  as 

/,       ,  J    „    ,/        ,   S  r»  +  mi»i1-'(l-rt-'"— ■l'-r,-'(»  +  ""u»i) 

=  (i-y)-'-.r,-(:.,„,)_ii^t — [Jlj^tiLT;,)— .,r,-'(L.,,»,)' 

=(i-,)-*.r,-.(.»o  a  {J^fSS^,*'-^)-"-}.  ■ . 

=  (i-,)-.-r,-.(...)i^^^,npM_ 

=  (l-y)-«->r,-'  («,<»,)r,-'(a!+»„m.)r,(a;+»„»,)(l-p)<- 

i   r    r,(m.„«,)  -1 

..,lr,(«+«.»„ «,)''"'''     ) 
= fel nJ"  r,<»i»,,,.,)  ,,_  ,_„,-i 

r,(»+«»«,)  Vtr,(a!+)n«,„«,)''    w        /' 
80  that  finally  we  have 

G,(«,-,...)r,(.,»0  =  .n.{l^^Sri,(i-rt-"-}.      (55) 

and  a  similar  eq[uation  obtained  by  transposing  (»„  Wj.  The  transformation 
carried  out  in  the  above  work  is  on  the  same  lines  as  a  transformation  given 
by  £.  W.  Barnes  for  a  function  ii{x\T),'  but  is  simpler  owing  to  the  fact  that 
the  products  are  convei^nt  in  the  above  case  without  necessity  arising  for 
the  introduction  of  exponential  factors  to  secure  convet^ence. 
*  '  Lond.  Math.  Socy.  Proc.,'  vol.  31,  p.  360. 

Digitized  by  Google 


1904.]         Gamma-Function  and  the  Elliptic  Functions.  143 

There  «te  two  differeoce  equations  for  the  function 

Gp(a,-+i»,.«),o>;)  =  Gj(g,a>iiBg)rp(x,  n>j)x>-  ~^'      ,  "1 

in  which  X,  =  n(l-p'-^),        \  =  U(l-p^). 

Since 

=  _p'(_l)'/-r,(a!,<i>)      =  -p'e^'"r,(.r,»).  (57) 

If  now  we  form  a  function  t(3:|,«>i,  wj)  =  G(a;+<ii>,,«,ojj)G  (— a.,<a],  —  Wi.), 

we  see  that 

r(x]a>im0      ^       G,(ic+Wi,«img)G,  (— a-.Mi.  — w.)  ,-^y 

T  (iB+ «,  I  a)i«j)     Gp  {a;+ 2(B|, »,,  «ij)  G,  (—a:—  »,,  «i,,— Wj) ' 
and  by  meana  of  the  difference  equation 

G,{a:+w,.«i«g)  =  G,(a:.»,«s)r,(a:,«j)xti^g^,  (69) 


^ 


e  are  able  to  reduce  the  right  aide  of  Equation  (58)  to 


r^(a;+«„<*,)  (l_y)('+-.V-.  -f^  ^     ' 

Conaider  now 

T(a:|w|,ft>3)      _  G,  {x  +  m,,  otiiUa)  Gp  (  —a:,  a>|.  — m^) 

T  (x  +  i»j  I  «j,  ojj)      Gp(a;+«>i+«ij,«ioi|)Gp(— A— 013, «,,—»») 

We  know  that 

G(_a;-«g.«i, -«j)  =  r^(-3-,«i)G(-a:.<»,.-«i)xy^£^"', 

G  (a!+  »!  +  Mj,  wiw,)  =  r^ (a?+  (»i, «.,)  G (x+u,,  wiWj)  x  i-^T—~  , 
therefore 

t(^+o»,I<»,»s)     ^^(.^■+«„<»l)      r,(-;r,«,)  |r,(2!a,»,)y 

(61) 
It  is  now  quite  clear  from  the  difference  equations  (59)  and  (60)  tliat  we 
can,  by  the  introduction  of  an  exponential  factor,  constmct  the  function 
denoted  F(a;)  by  Picard* 

•  <y.  Forsyth.  'Theory  of  Functioiw,'  p.  296. 
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F(a:+2«,)  =  Y(z\ 

F  (I + 2a,)  =  «■■'■'-  S  (x)  F  (x), 

where  A  ie  a  conatajit  and  n-  (x)  denotes 

M+G  +  s{B,  +  C,^+D^  +  ...}f(.-W. 

the  sanuoatioD  extending  over  all  points  b,  and  the  constants  B,  .  .  .  being 
subject  to  the  relation 

SB,=  -?i. 
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1.  Introduction. 

In  u  previouK  paper  *  discussing  thu  photographs  of  stellar  spectra  taken 
with  the  calcite  prismatic  camera,  I  showed  that  the  variation  of  the  position 
of  maximum  intensity,  when  we  dealt  with  the  various  genera  of  stars, 
corresponded  witli  the  temperature  change — including  in  that  term  the 
possible  results  of  electrical  energy  t — su^ested  by  the  Chemicnl  Classifica- 
tion. 

2.  Object  of  the  Present  Eeseardi. 

Obviously  the  next  test  to  apply  to  tlie  temperature  curve  based  upon  the 
Chemical  Classiticatiou  was  to  compare,  under  similar  conditions,  the  relative 
temperatures  of  those  genera  placed  on  the  same  temperature  horizon  but  on 

•  '  Boy.  8oc.  Proc.,'  Toi.  73,  pp.  227—338,  1904. 

t  In  reference  to  tlie  poesible  efiects  of  the  Ttuiation  of  electcinl  oonditioni,  I  wish  to  point 
out  that,  nhibt  employing  the  genenil  Icrm  "  temperature  rwrMtioo,"  I  hne  stu-k^re  m»de  a 
reserration  for  the  incliuion  of  poaaiblc  elpctric&l  offecta, 

I  take  this  opportunity  of  ciuphaaising  this  "  caveat "  because  I  find  that  in  his  '  Handbnch  der 
Speotroeoopie,'  Frofeuor  Kayser  Btates  (lee  lol.  2,  p.  275}  that  I  hare  alwftyB  only  omudered 
lempeistDre  effecta.  His  exact  words  are  "  sprioht  Lockyer  immer  nur  von  einem  Einfluu  der 
Xempentor,  flber  welche  vir  beim  Funken  nichta  irisaen."  This  is  oertainlj  not  in  aooordanoe 
with  iny  published  itatemente,  for  uiore  than  30  years  ago,  whilst  discussing  the  dissociatioB  effects 
of  iaoreasing  "temperature,"  I  especially  mentioned  (»ee  'Boy.  Sod.  Proc,'  toI.  22,  p.  872, 
section  2,  June,  1874)  that  the  action  of  electricity  must  be  included  in  the  term  "  temperature," 
and  I  hare,  on  many  occanoQK,  repeated  this  >t 
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the  opposite  sides  of  the  curve,  since  the  chemical  evidence  indicated  that, 
while  thete  are  differences  in  the  conditions  of  ahaorption  in  such  genera, 
their  temperatures  are  approximately  the  same  * 

3.  Ordet'  of  ProcednTr. 

This  second  test  has  now  been  applied  to  the  Chemical  Olassitication  with 
the  results  given  below. 

The  peculiar  ditRculties  of  a  i-esearch  of  this  kind  were  enumerated  in 
the  former  paper,  but  they  were  increased  in  the  present  case  by  the 
restriction  of  the  immber  of  combinations  possible  when  the  selection  of 
suitable  pairs  of  stars  for  comparison  was  confined  to  the  sanie  temperature 
horizon. 

The  following  table  sliows  the  number  of  pairs  on  each  horizon  available 
for  comparison,  and  also  the  number  which  has  been  dealt  with  in  each  case. 

Table  I. 


Horizon. 

Type. 

Number  of  pairs 
readily  comparable 

year. 

Number  of  pairs 

8 
7 
6 
3 

2 

2 
2 
4 
» 
16 

1 

I 
6 
4 

Although  the  Airman  (Stage  10)  and  Alnitamian  (Stage  9)  groups,  from 
their  position  at  the  apex  of  the  curve,  offer  no  comparisons,  their  spectra 
should  show  them  to  be  nearly  alike.  As  there  is  no  Atgonian  star  in  the 
northern  hemisphere,  with  the  possible  exception  of  \  Cephei,  which  Mrs. 
Fleming  has  recently  foimd  to  be  identical  in  its  spectrum  with  ^  Fuppis,  f 
but  which  is  too  faint  to  be  photographed  with  the  present  instrument,  this 
point  has  not  been  tented.  Tlie  Cygnian  (Stt^e  5)  and  Sirian  (Stage  4)  groups 

*  Th«  exiatence  uf  auch  a  diSereuoo  in  the  absorbing  oonditioiu  vmi  pointed  out  b;  me  fnim 
theorttioal  ooiuidentioiu  in  1SS7  ('Eoy.  Soc.  Proc.,' vol.  4S,  p.  146),  but  Profeiwr  B.C.  Pickering 
mi  the  flnt  to  demonstrate  its  kotusJ  pt'esenoe.  In  the  "  Spectr*  of  Bright  Stan  "  ('  HarrsTd 
Cidlege  Obsemtory  Annala,'  vol.  28,  Fart  I,  p.  5)  he  found  it  necessary  when  classifving  the 
spectra  to  divide  tlieni  into  two  classes  according  to  the  reiatiTe  widths  of  the  hjclrogen  and 
metallic  lines. 

t  "  Harrard  College  Obserratory  Circulars,"  No.  92. 
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have  no  aoalogues  on  the  opposite  sides  of  the  curve,  and  cannot,  therefore, 
enter  into  the  present  discussion,  whilst  the  Piscian  stars  (St^  1,  descend- 
ing) are  both  too  faint  to  be  available  with  the  present  camera,  and  therefore 
the  lowest  stf^  (the  Antarian-Piscian)  cannot  be  considered. 
Long  periods  of  bad  observing  weather  have  greatly  hindered  the  work. 

4.   RenUta. 

A  brief  description  of  each  of  the  negatives  discussed  is  given  in  Table  II, 
It  will  be  remarked  from  the  seventh  column  that  the  same  make  of  plates 
has  not  been  used  throughout,  but,  as  each  pair  of  spectra  compared  are 
on  the  same  plate,  and  have,  therefore,  been  subjected  to  exactly  the  same 
treatment  in  development,  etc.,  this  can  in  no  way  affect  the  results.  On  the 
publication  of  the  former  paper  Sir  William  Abney  kindly  sent  me  two 
plates  especially  sensitised  for  the  red  end  of  the  spectrum,  and  a  number  of 
exposures  was  made,  under  test  conditions,  with  several  different  makes  of 
plates,  in  order  to  obtain,  if  possible,  a  greater  length  of  spectrum  at  the  red 
end. 

5.  DiactaBton  of  FhotOffrapks. 

In  no  case  among  the  present  photographs  has  the  variation  of  the  position 
of  greatest  intensity  in  any  pair  been  found  so  marked  as  the  variations 
recorded  in  the  previous  paper. 

A  detailed  discussion  of  each  n^ative  follows. 


Negaiive  65  (See  N^o.  1,  Plate  3)  7  Csssiopeiee  (Cnic,  ascending) — £  Coasio- 
peiffi  (Achem.,  descending).  As  a  result  of  relatively  shorter  exposure,  the 
spectrum  of  e  is  very  slightly  weaker  throughout  The  bright  lines  in  7  are 
veiy  faint,  too  faint  to  show  on  the  enlarged  reproduction,  but  the  measure- 
ment of  their  positions  on  the  negative  relative  to  the  lines  in  the  c  spectrum, 
shows  that  on  the  reproduction  (No,  1,  Plate  3)  they  will  be  0'25  of  an  inch 
nearer  the  right  hand  side  of  the  plate. 

Notwithstanding  a  relatively  sudden  decrease  of  intensity  in  the  spectrum 
of  e  at  the  more  refrangible  end  of  the  hydrogen  series — whereas  the  spectrum 
of  7  fades  gradually  to  extinction — both  spectra  extend  to  about  the  same 
distance  into  the  ultra-violet  and  their  red  portions  are  equally  intense. 

JVirfe. — There  is  evidence  for  assuming  that  the  presence  of  bright  hydrogen 
in  7  Caasiopeise  does  not  materially  affect  the  absolute  extension  of  the 
spectrum  into  the  ultra-violet.  This  point  will  be  dealt  with  in  a  subsequent 
communication. 
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negative  71,  f  Tauri  (Taur,,  ascendiog) — tj  Tauri  (Algol.,  descending). — The 
compariaon  in  this  case  is  rendered  somewhat  difficult  owing  to  the  super- 
position of  the  spectra  of  the  other  Pleiades  stars,  whilst  that  of  i}  (Alcyone) 
was  being  photographed.  Unfortunately  the  spectrum  of  ^  is  partially 
covered  by  that  of  Mais,  and,  owing  to  relative  under-exposure,  is  weaker, 
than  that  of  17  throughoat  the  whole  length.  Notwithstanding  this  latter  fact, 
a  close  examination  reveals  no  inversion  of  intensity,  such  as  is  given  by  stars 
of  different  temperature  horizons,  in  either  the  red  or  the  ultra-violet  ends  of 
the  spectra.  It  may  be  remarked  here  that  this  negative  shows  the 
temperature  conditions  obtaining  in  each  of  the  Pleiades  stars,  Atlas — Fleione, 
Alcyone,  Maia  and  Electro  to  be  about  the  same. 

Stage  6. 

Negative  68  (No.  2,  Plate  3),  a  Andromedas  (Mark.,  descending)— ^  Tauri 
(Rig.,  ascending). — We  find  both  spectra  extending  equally  far  into  the  ultra- 
violet, and  the  closest  inspection  does  not  bring  to  light  the  slightest  difference 
in  the  red  portions. 

Stages. 

Negative  60  (No.  3,  Plate  3),  jS  Cassiopeias  (Proc.,  descending) — a  Persei 
(PoL,  ascending). — The  relative  exposures  on  these  two  stars  were  equal,  and 
the  extensions  of  the  spectra  into  the  ultra-violet  show  no  perceptible 
difference.  A  very  slight  difference  does  exist,  however,  between  their 
intensities  in  the  red  portions,  that  of  the  Polarian  star  being  very  slightly 
the  stronger. 

Negative  62,  j8  Draconis  (Pol.,  ascending) — j8  Cassiopeiae  (Proc.,  descending). 
— Whilst  the  spectrum  of  fi  Draconis  is  fainter  throughout,  the  relative 
intensities  of  similar  radiations  in  the  two  spectra  vary  tc^^ether,  thereby 
indicating  an  equality  of  temperature  conditions  in  the  two  stars. 

Negative  64,  if  Cassiopeiee  {Proc.,  descending) — a  Persei  (Pol,  ascending). — ■ 
In  this  case  the  spectra  extend  equally  far  into  the  ultra-violet,  althoi^h  that 
of  1)  Cassiopeife  is  fainter  in  the  violet,  blue,  and  red  regions.  The  difference 
ia  slight  but  points  to  a  probable,  very  small,  superiority  of  temperature  for 
the  Procyonian  star. 

Negative  67, 7  Cygni  (Pol.,  ascending) — ff  Cassiopeia  (Proc,  descending). — 
The  two  spectra  are  about  equally  bright  in  the  H^  — H,  region,  but  that  of 
7  Cygni  is  slightly  brighter  in  the  orange-red  and  does  not  extend  quite  so 
far  into  the  ultra-violet,  again  showing  a  slight  superiority  of  temperature  for 
die  Procyonian  star. 
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A  slight  overlap  of  the  spectra  on  this  negative  renders  the  comparison 
xomewhat  uncertain. 

Negative  74,  a  Persei  (Pol.,  a8cending)^u  CauisMinoris  (Proc.,  descending). 
— The  exposures  on  this  negative  are  nearly  equal,  and  the  intensities  in  the 
orange-red  are  the  same.  Although  the  spectrum  of  a  Persei  shows  a  sudden 
decrease  in  intensity  at  the  end  of  the  hydrogen  series,  it  extends  very  nearly 
as  far  into  the  ultra-violet  as  does  that  of  Procyon.  On  this  negative  the 
ultra-violet  extremities  of  the  two  spectra  are  the  same  distance  from  the  end 
of  the  plate  but,  as  may  be  seen  from  the  relative  positions  of  the  H  and 
K  lines,  the  spectrum  of  a  Peraei  should  be  shifted  bodily  a  small  distance 
to  the  right,  thus  rendering  its  absolute  extension  into  the  ultra-violet  a  little 
less  than  that  of  Procyon. 

Negative  46,  7  Draconis  (Aid.,  ascending) — S  Uraconia  (Arct,  descending). 
Both  spectra  are  faint,  and,  as  we  should  expect,  neither  extends  very  far  beyond 
K  into  the  nltra-viotet.  The  intensities  between  H^  and  H,  are  approxi- 
mately et[ual,  but  the  spectrum  of  7  Draconis  is  slightly  stronger  in  the  red 
and  does  not  extend  quite  so  far  into  the  ultra-violet 

Negative  72  (No.  4,  Plate  3)  a  Arietis  (Arct,  descending) — a  Tanri  (Aid., 
ascending).  Very  good  spectra  although  rather  faint.  The  detached  orange- 
red  section  and  the  portion  between  H^  and  H,  in  the  spectrum  of  Alde- 
baran  are  slightly  stronger  than  the  corresponding  parts  of  the  a  Arietis 
spectrum,  but  the  latter  extends  quite  as  far,  or  even  a  little  farther,  into 
the  uttra-violet,  thereby  indicating  a  slightly  higher  temperature  for  the 
Arcturian  star. 

6.     General  Remarks. 

It  must  be  noted  that  the  slight  differences  existing  between  some  of  the 
pairs  of  spectra  discussed  are  only  specific,  and  ai'e  not  comparable  with  the 
generic  diHerences  cited  in  the  previous  paper.  For  instance,  if  we  compare 
the  photograph  shown  on  Xo.  3,  Plate  3  of  the  pi'esent  paper — and  this  sliows 
as  great  a  difference  as  any  disclosed  during  this  research — with  the  first 
photograph  (No.  1,  Plate  7)  of  the  previous  paper,*  we  see  at  once  that  in 
the  present  case  there  is  no  indication  of  Uie  absolute  inversion  of  intensity 
between  the  red  and  ultra-violet  ends  of  the  two  spectra,  such  as  is  shown  on 
the  former  photograph. 

The  differences  must,  at  the  most,  be  considered  as  indicating  the  existence 
of  species  within  the  limits  of  the  genera  proposed  in  the  Chemical  Olassiti- 
oaiion,  and  as  justifying  the  "caveat"  entered  when  discussing  the  terms 
of  that  classification,  t 

•  Loe,  cil.  t  'Boy.  Soc.  Frof.,'  to).  6G,  p.  191, 1899. 
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These  photographs  also  indicate,  veiy  clearly  in  aome  cases,  the  existence  of 
the  different  conditions  in  the  absorbiDg  atmospheres  of  those  stars  placed  on 
equal  horizons,  but  on  the  opposite  arms  of  the  temperature  curve,  such  as 
was  suggested  in  fonner  papers.  For  example,  in  the  spectrum  of  a  Persei 
(Polarian,  stage  3,  ascending)  there  is  a  very  abrupt  decrease  of  the  general 
intensity  of  the  speotrum  at  the  end  of  the  hydrt^n  seriea,  whilst  in  the 
spectrum  of  Procyon  (Prooyonian,  stage  3,  defending),  which  extends  to  about 
the  same  distance  in  the  ultra-violet,  the  decrease  of  intensity  is  gradusl 
throughout.  This  point  will  be  discussed  further  in  a  subsequent  com- 
munication. 

7  CondanoM. 

(1)  The  present  results  affirm  the  equality  of  temperature  of  those  genera 
placed  at  equal  heights  on,  but  on  the  opposite  sides  of,  the  temperature 
curve  su^ested  by  the  Chemical  Classification. 

(2)  The  suggestion  that  the  "  genera  "  resulting  from  the  Chemical  Classi- 
fication would  require  a  subdivision  into  "  species,"  is  shown  by  the  present 
results  to  be  correct. 

(3)  The  photographs  obtained  during  the  present  research  prove  the 
existence  of  different  absorbing  conditions  in  the  atmospheres  of  those  stars 
which  are  equal  in  temperature  but  were  placed  on  Uie  opposite  arms  of  the 
temperature  curve. 

My  best  thanks  are  due  to  Messrs.  W.  E.  Rolston  and  H.  K  Goodson,  who 

have  secured  the  photc^raphs  discussed  in  the  present  paper,  to  the  former 

for  assisting  in  the  preparation  of  the  paper,  and  to  Mr.  Wilkie,  who  has 

prepared  the  enlargements  shown  on  the  accompanying  plate. 

8.    Ikaeription  of  Plate. 


No. 

No.  of 
negative. 

Stars. 

Type. 

Stags. 

1 
2 
3 
4 

66 
68 
60 

72 

y  Cassiopeiie 

Cnicim 

Acbenmn 

Markabian 

Eigelian 

Procyonian 

Polarian 

Arcturian 

Aldebarian 

1  .  fAicmdiag 

\  f.  /Descending 

1  Ascending 

„  /Descending 

^  1  Ascending 

'    „  /Descending 

.■^lAflcending 

a  Persei 

aArietia    

The  original  ne^tives  have  been  enla 

repi'oductions.  

VOL.  IXSVL— A. 


3'8  times  in    making    the 


dbyGoogIc 


On  Some  ContiniMUS  Observations  of  the  Rate  of  Dissipation  of 
Electric  Charges  in  the  Open  Air. 

By  C.  COLEEIDQB  Faeh,  D.Sc 

(Communicated  by  Dr.  C.  Chree,  F.RS.     Received  February  23,— Read 
March  9,  1906.) 

During  the  latter  part  of  1902  and  the  early  months  of  1903  I  resolved 
to  take  as  many  obserrations  of  the  rates  of  dissipation  of  positive  and 
negative  electric  'charges  as  possible,  and  to  continue  tbem  over  the 
whole  24  hours  of  the  day,  and,  when  opportunity  offered,  over  longer 
periods.  There  appeared  to  be  little  information  regarding  the  rate  of 
dispersion  during  the  night  hours.  At  about  the  same  time  that  these 
observations  were  being  made,  Nilsson*  was  doing  similar  work  at  Upsala,  and 
found  a  noticeable  maximum  value  for  atmospheric  conductivity  at  about 
midnight. 

The  olffiervations  were  made  on  the  Canterbury  Plains  of  New  Zealand,  at 
a  station  about  20  feet  above  sea-level  and  about  five  mOes  due  west  from 
the  sea  coast  The  apparatus  used  was  Elster  and  Geitel'sf  Zerttreuujigs- 
a^parat,  and  the  formula  of  reduction  used  was  that  given  by  them,  viz. : — 

^n  this  formula  K  is  proportional  to  the  conductivity  of  the  gas  surrounding 
ihe  instrument — for  positive  or  n^ative  chaises,  as  the  case  may  be.  The 
constant "  n"=ratio  of 

capacity  without  cylinder 
capacity  with  cylinder 
was  determined  by  me  to  be  0'47,  as  the  instrument  was  always  used,  with 
the  protecting  cover.  The  cover  was  always  at  one  lieight  above  the  base 
of  the  instrument,  and  was  set  so  as  to  be  as  nearly  co-axial  with  the  dis- 
charging cylinder  as  could  be  judged  by  eye.  No  attempt  was  made  to 
determine  the  actual  capacity  of  the  condenser  cylinder  and  protecting  cover, 
which  would  be  a  somewhat  variable  quantity  owing — 

(1)  to  the  differences  on  different  days  in  attemptii^  to  cause  the  two  to 
be  co-axial ; 

(2)  to  a  certain  amount  of  looseness  in  the  fit  of  the  shank  of  the  cylinder 

*  Nibson, '  Science  Abatracta,'  vol.  6,  abs.  660, 

t  Elster  and  Oeitel,  'Terrestrial  Mag.,'  vol.  4,  p.  813,  «(  M?. 
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on  to  its  hole.  The  value  above  given  for  "  n  "  is  the  mean  of  several  deter- 
minations made  with  difierent  settings  of  the  cover  and  cylinder.  The 
individual  values  of  "n"  varied  over  about  0O3, 

In  reducing  the  observations  by  means  of  the  above  formula,  as  the  relation 
between  E  and  the  conductivity  was  in  any  case,  without  knowledge  of  the 
capacity  in  absolute  measure,  one  of  proportionality  merely,  ordinary  instead 
of  Naperian  logarithms  were  used.  The  voltages  indicated  by  a  given  diver- 
gence of  the  leaves  were  taken  from  a  table  supplied  by  the  makers  of  the 
instniment  to  Eew  Observatory.    The  time  was  expressed  in  minutes. 

In  making  the  observationB,  the  nsnal  formal  procedure  of  determining  the 
leakage  after  every  experiment  was  not  adopted,  as  it  was  desired  to  obtain  as 
many  observations  as  possible  in  rapid  succession.  Thus  the  leakage  was 
obtained  only  at  fairly  frequent  intervals,  and  a  curve  drawn  by  which  the 
ordinates  of  the  curves  representing  E  in  the  arbitrary  unit  explained  above 
could  be  corrected. 

Corresponding  with  the  dispersion  observations,  observations  were  also- 
made  of  the  direction  and  intensity  of  the  wind  (Beaufort),  the  humidity, 
and  the  potential  difference  between  a  point  about  10  feet  above  the  surface 
of  the  ground  and  the  earth.  This  was  affected  by  the  proximity  of  the 
building  and  was  determined  by  a  Kelvin  portable  electrometer  and  a  water- 
dropper. 

The  leavai  of  the  dissipation  apparatus  were  read  from  a  distance  by  the 
aid  of  a  telescope,  and  at  night  the  instrument  was  illuminated  by  a  bull's-eye 
lantern  attached  to  a  pole.  The  lantern  was  only  lighted  during  the  actual 
minute  or  so  that  a  reading  was  being  taken. 

A  study  of  the  curves  so  obtained  led  to  several  points  of  interest  In  the 
first  place  it  is  evident  that  the  conductivity  of  the  air  for  both  positive  and 
negative  electricity  is  very  irr^ular,  but  the  irr^:ularities  are  such  that  on 
an  average  negative  electricity  is  dispersed  more  rapidly  than  positive. 

Takinir  a  =  conductivity  of  air  for  —  ve  electricity 
conductivity  of  air  for  +  ve  electricity' 
six  ordinary  days,  embracing  aeverat  hundreds  of  observations,  gave  the 
following  valueu  for  g',viz. ; — 

q  =  1-2    March  1  and  2, 1903,  q  =  112  September  1  and  2, 1902, 

=  1-2    January  1  and  2,  1903,  =  127  February  1  and  2,  1903, 

=  112  January  IB  and  16,  1903,  =  106  December  15  and  16, 1902, 
giving  an  average  of  ^  =  1*16. 

Though  this  is  so  persistently  aa  an  average,  yet  on  several  occasions  for 

H  2 
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some  hours  togetber  daring  these  six  days,  positive  electiicit;  was  dissipated 
the  more  rapidly.  Thus  this  occurred  from  Doon  to  5.30  p.u.  on  January  1,  and 
again  from  6.30  to  9.30  A.H.  on  the  morning  of  the  next  day,  January  2. 
During  these  intervals  there  was  no  reversal  of  the  sign  of  the  atanospheric 
potential  as  indicated  by  the  electrometer.  On  the  first  of  these  occasions 
the  average  value  of  q  for  the  period  was  085,  and  on  the  second  0'86. 
Similarly,  on  January  15,  1903,  between  12  noon  and  3.30  p.m.,  positive 
charges  were  dissipated  the  more  quickly.  During  the  interval  the  averse 
value  of  q  fell  to  0'€,  and  the  potential  at  the  terminal  of  the  water-dropper 
fell  from  +60  volts  at  12.30  P.H.  to  —40  volts  at  3  F.H.,  rising  again  at 
3.45  PJf.  (by  which  time  native  electricity  was  again  being  discharged  the 
m<3K)  quickly)  to  +  65  volts.  On  September  1,  1902,  also  at  5  p.h.,  q  was  for 
a  very  short  time  0'4,  whilst  the  potential  of  the  water-dropper  fell  from 
-t-90  volts  at  3-30  f.h.  to  —717  volts  at  5  P.M.,  rising  ^ain  to  —70  volts  at 
6'30  P.H.  From  then  on  till  noon  next  day,  when  the  observations  terminated, 
the  potential  remained  positive,  as  is  usually  the  case,  but  at  4.30  A.M.  on 
September  2  the  positive  charge  again  became  dissipated  more  quickly,  and 
continued  so  till  10  A.U.  During  this  interval  q  was  0'G8.  On  February  1, 
1903,  positive  electricity  was  dissipated  the  more  quickly  from  3  p.m,  till 
7  P.H.,  with  no  reversal  of  the  sign  of  the  atmospheric  potential  During  the 
interval  the  average  value  of  q  was  O'ST.  Between  6  and  6.30  p.h.  on 
December  15, 1902,  q  (from  a  pair  of  observations  only)  became  08  with  no 
reversal  of  atmospheric  potential,  whilst  next  morning,  during  very  heavy 
rain  at  6  A.H.,  q  =  07  for  a  short  time,  with  a  reversal  of  potential  aign 
at  5  A.H.  —80  volts,  and  at  6.30  a.h.  —180  volts.  Summing  up  these  we 
find>- 

January  1,  1903 q  =  0*86,  no  reversal  atmospheric  charge 

September  1, 1902 =0-68 

February  1, 1903  =0-87 

December  15,  1902    ...       =08 

January  15,  1903  =  0*6,  reversal  atmospheric  charge 

September  1, 1902 =04 

December  16, 1902    ...       =07 

This  apparently  indicates  that  a  low  value  for  ^  is,  as  might  be  expected, 
accompanied  with  a  reversal  of  sign  of  the  atmospheric  charge.  On  the 
other  hand,  on  March  2,  at  6.30  A.H.,  the  potential  became  —185  volts  with 
q  about  unity. 

Again,  considering  these  six  days  only  as  being  more  typical  of  ordinary 
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conditioiiB  than  two  others  I  ehall  refer  to,  ve  find  there  is  distinct  evidence 
of  a  doable  maximum  and  minimum  value  for  the  conductivity  of  the  tur  for 
charges  of  both  sigus.  Thus  on  the  following  dates  the  maxima  and  minima 
are  well  marked  at  the  following  approximate  times : — 

max.  min.  TnaT,  OUn. 

March  1  and  2    5  p.m.  9  p.h.  3  a.h.  7  am. 

January  1  and  2 12  noon  6  p.h.  3  A.H.  7  a.h. 

January  15  and  16 13  noon  6  p.u.  3  A.H.  9  A.H. 

September  1  and  2 2  p.h.  5  p.h.  1a.m.  9  a.h. 

Of  the  two  other  days,  viz.,  February  1  and  2  and  December  15  and  16, 
the  former  exhibits  no  distinct  maxima  and  minima,  but  a  strong  south-west 
gale  was  blowing  during  most  of  the  period  of  observation ;  and  the  latter  is 
incomplete  in  the  night  hours  owing  to  faulty  insulation  of  the  instrument 
due  to  nun.    The  four  days  above  were  fine. 

The  observations  made  on  February  1  and  2  during  the  south-west  gale 
gave  a  much  higher  value  for  the  conductivity  of  the  lur  for  both  positive 
and  negative  charges  than  upon  the  other  four  complete  days.  Thus,  in  the 
arbitrary  units  chosen,  the  mean  conductivity  for  this  day  was  for  positive 
charge  0*00694  and  for  n^ative  0*00880,  whilst  the  average  of  the  other  four 
was  for  positive  0*00330  and  for  negative  0*00375.  Similarly,  on  March  1 
and  2,  also  during  a  south-west  wind  of  moderate  strength,  the  conductivities 
were  higher  than  the  average,  viz.,  for  positive  charges  0*00475  and  for 
negative  0*00569.  Since  the  wind  on  these  two  days  of  high  mean  con- 
ductivity was  in  the  same  direction,  south-west,  and  also  stronger  than  on  the 
other  three,  there  is  only  a  slight  amount  of  evidence  to  indicate  that  the 
excessive  conductivity  is  due  to  the  strength  rather  than  to  the  direction  of 
the  wind. 

I  am  unable  to  d^oover  in  these  curves  any  connection  between  the 
humidity  of  the  air  and  its  electrical  condition. 

I  now  come  to  two  days  as  yet  not  mentioned,  viz.,  February  18,  on  which 
observations  were  specially  made  from  11  A.H.  to  5  P.M.,  and  March  16,  when 
obaerving  conditions  were  good  from  7  A.M.  till  5  P.M.  On  the  first  of  these 
two  days  a  strong  gale  from  the  north-west->-a  "  nor'wester "  as  they  are 
generally  called  here — was  blowing  at  the  time  the  observations  were  b^un, 
whilst  on  the  latter,  at  6.30  A.M.,  the  wind  was  calm.  At  8  A.H.  there  was  a 
light  south-west  wind,  and  at  9.30  it  was  blowing  strongly  from  the  north- 
west with  a  characteTiatic  falling  barometer.  The  wind  remained  north-west 
during  the  rest  of  the  day.    These  "  nor'westers"  are  very  well  known  and, 
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hy  some  people,  rather  dreaded  winds.  Blowing  over  a  high  range  of  mountains 
reaching  7000  feet,  they  deposit  their  moisture  on  the  western  slopes,  though 
the  rain  often  extends  to  the  eastern  side  of  the  mountains.  In  Ghristchurch, 
and  tor  some  distance  westward  of  it,  these  winds  are  invariably  dry  aod  hot 
They  are  of  the  nature  of  "  Foehn  "  winds,  and  have  a  very  depressing  effect 
upon  moat  people,  though  I  have  met  some  who  say  they  like  them. 

Though  the  days  I  am  describing  are  the  only  two  of  the  class  upon  which, 
80  far,  I  have  been  able  to  take  dissipation  observations,  yet  potential  obser- 
vations on  them  indicate  that  the  general  character  of  these  winds  ia  that 
they  are  negatively  charged  relatively  to  the  earth,  which  is  contrary 
to  the  usual  condition.  On  both  of  these  days  the  dissipation  curves 
show  marked  peculiarities.  The  earliest  observation,  at  11.15  A.H.  on 
February  18,  gave  g  =  0'4  with  a  negative  potential  difference  between 
wat«r-dropper  and  earth  of,  —300  volta  at  10.20  A.H.,  —150  volts  at 
11.40  A.H.,  and  —50  volts  at  12.45  p.m.  These  three  values  at  the  times 
indicated  lie  on  a  straight  line  and  appear  to  show  that  the  potential  of  the 
water-dropper  was  rising  approximately  uniformly  with  the  tima  Corre- 
aponding  with  this  rise  of  potential  there  is  also  a  marked  rise  in  the  value 
of  ;,  which  at  12  noon  had  risen  to  0'8  and  at  2.30  f.m.  was  1'5,  by  which 
time  the  "  nor'wester"  had  practically  blown  itself  out,  and  the  potential  of  the 
water-dropper  was  zero.  After  this  the  value  of  q  sank  again  to  approximately 
unity,  the  ordinary  positive  atmospheric  charge  established  itself  and  the 
wind  blew  lightly  from  the  south-west. 

The  curves  corresponding  to  March  16  (see  the  figure)  are  of  a  precisely 
similar  character,  but  here  the  whole  history  of  the  wind  is  apparent  At 
7.30  A.M,  the  wind  was  light  south-west,  g  ==  1-3,  potential  of  water-dropper 
-H90  volts.  At  9.45  A.M.,  wind  north-west,  strong,  q  =  0'7,  potential  —250 
volts.  At  10.30  A.H.,  wind  north-west,  strong,  q  —  I'l,  potential  - 100  volts 
approximately  (interpolated).  From  this  hour  the  north-west  wind  seemed  to 
have  thoroughly  established  itselt  The  values  of  q  became  less  and  less, 
the  curves  indicating  the  conductivity  of  the  iiir  for  positive  and  for  negative 
chaises  diverging  rapidly,  that  for  positive  reaching  a  high  value  whilst  the 
ne^tive  curve  reached  remarkably  low  values.  Thus  at  about  3  F.U.,  the 
point  of  maximum  divergence  of  these  curves,  in  the  arbitrary  unite  chosen 
for  the  conductivities,  that  for  positive  electricity  was  0029,  whilst  the 
conductivity  for  n^ative  electricity  was  only  00037,  giving  a  value  for  q  of 
0'12.  Corresponding  with  this  extremely  low  value  for  q  the  potential  reached 
at  very  approximately  the  same  time  its  greatest  negative  value,  viz.,  — 1885 
volts.    After  this  the  value  of  q  increased,  the  carves  representing  the 
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couductivities  convergit^ — that  for  positive  electricity  coming  down  whilst 
the  Q^ative  conductivitj  increased.  Corresponding  with  this  increase  of  q 
the  n^ative  potential  of  the  water-dropper  decreased,  until   at  4.30  p.ii. 
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2  =  0*94,  potential   —30  volts,  wind  still  strong   from  north-west;   but   it 
dropped  shortly  after  this. 

It  may  be  possible  to  account  for  the  peculiar  character  of  these-  two 
uorth-west  winds  (and  though  I  have  so  far  been  unable  to  obtain  further 
observations,  I  expect  to  find  it  common  to  the  wind)  in  this  way.    The  wind. 
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as  stated,  blows  over  a  mouQtain  range.  These  mountaiDS  may  rob  the  air  of 
positive  ions  owing  to  the  denser  oegative  charge  on  the  peaks.*  Thus  the 
air  may  come  over  the  Canterbury  Plains  with  an  escess  of  u^ative  ions, 
giving  it  great  conductivity  for  positive  charges  and  conferring  on  it  its  own 
cbamcteristic  highly  n^ative  charge. 

In  the  curves  reproduced  the  lowest  line  of  all  represents  the  actual  leakage, 
the  faint  dotted  line  the  variations  in  conductivity  for  negative  charges,  and 
the  taint  full  line  those  for  positive  chaiges.  These  ate  all  in  the  same 
arbitrary  units  explained  above  The  heavy  full  line  represents  the  varia- 
tions in  the  potential  of  the  water-dropper  referred  to  an  origin  higher  up  in 
the  paper.  The  broken  line  ropresents  the  relative  humidity.  The  letters 
K,  K.E.,  etc,  denote  the  direction  of  the  wind,  and  the  attached  numerals  its 
intensity  on  Beaufort's  scale. 

My  thanks  are  due  to  Mr.  H.  F.  Skey,  B.Sc.,  for  aid  in  making  the 
observations  on  September  1,  and  to  Mr.  F.  Sandford  for  help  on  January  15, 
February  1  and  18,  aud  Mareh  1  and  15.  For  the  opinions  expressed,  and 
for  the  observations  on  December  15  and  January  1, 1  alone  am  reeponsible, 
as  I  am  also  for  the  accuracy  of  the  reductions. 

*  See  also  Ekter  and  Oeitel'e  reaiiltB  at  WolfenbUtteL 
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Atmospheric  Electricity  in  High  Latitudes. 
By  Gkorgk  C.  Simpson,  B.Sc 

(Communicated  by  Arthur  ScliUBter,  F.R.S.    Seceived  Febninry  17, — 
Bead  March  2,  1905.) 

(Abstract.) 

The  recent  work  of  Eleter  and  Geitel,  Ebei-t  and  others,  haa  added  three 
new  factors  to  the  data  for  the  Btudy  of  atmoepberic  electricity,  namely : — ■ 
The  rate  at  which  the  permanent  charge  on  the  surface  of  the  earth  is  being 
dissipated  into  the  atmosphere,  the  state  of  ionization  of  the  air,  and  the 
amount  of  radio-active  emanation  in  the  lower  regions  of  the  atmosphere. 
These  three  factors  have  been  carefully  studied  in  the  temperate  zone.  With 
the  idea  of  extending  our  knowledge  of  them  into  the  Arctic  regions,  I  was 
granted  permission  by  the  Commissioners  of  the  1861  Exhibition  Scholarship 
to  undertake  a  year's  work  in  the  Lapp  village  of  Karasjok  (69"  17'  N. ;  25' 
35'  K ;  129  metres  above  sea  level,  and  about  200  miles  south  of  the  North 
Cape).    The  work  undertaken  consisted  of  the  following : — 

1.  By  means  of  a  Benndorf  self-registering  electrometer  to  obtain  daily 
curves  of  the  potential  gradient,  and  from  these  to  calculate  the  yearly  and 
daily  variation. 

2.  To  make  systematic  observations  of  the  dissipation  by  means  of  Elster 
and  Geitel's  instrument. 

3.  To  make  corresponding  measurements  of  the  ionization  with  Ebert's 
apparatus. 

4.  To  measure  the  amount  of  radio-active  emanation  in  the  atmosphere. 

5.  To  invest^te,  as  far  as  possible,  the  influence  of  the  aurora  on  the 
electrical  conditions  of  the  atmosphere. 

The  chief  results  obtained  are,  shortly,  as  shown  in  Table  I  (p.  161). 

In  the  table  the  following  units  aie  used : — 

The  Fotenticd  Gradie-nt  is  expressed  in  volts/metres  as  observed  over  a  level 
plain. 

The  IMasipation  is  expressed  as  the  percent!^  of  charge  lost  by  a  charged 
body  in  one  minute  wheu  freely  exposed  to  the  air.  The  dissipation  of  a 
positive  charge  is  represented  by  a^,  and  that  of  a  negative  by  a_,  the  ratio 
a_/a+  being  written  g. 

The  Ionization  is  given  in  terms  of  the  number  of  electro-static  units  of 
free  ions,  of  one  sign,  in  a  cubic  metre  of  air.    The  symbol  1+  is  used  to 
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represent  the  poaitive  ionization,  1_   the  n^ative  ionization,   and  r  the 
ratio  I+/I_. 

It  will  be  seen  that  the  yearly  course  of  the  potential  gradient  in  Earasjok 
is  in  accordance  with  the  general  rale  for  the  Northern  Hemi^heie:  rising 
rapidly  from  October  to  February,  when  it  reaches  a  maximum,  then  falling 

Table  I. — ^Yearly  Variationa 


MontlK. 

Potential 

graaient, 

Tolte/metrefl 

Diiaipation 

... 

o_. 

7- 

I_. 

I*- 

T. 

October 

November.. 
December  ... 

January 

February   ... 
Marcb    

121 
167 
176 
199 
209 
191 
131 
103 
90 
98 
93 
93 

2-21 
3-20 
2-13 
1-98 
1-37 
2-79 
3-78 
441 
4-24 
5-25 
4-32 
4-28 

2-66 
3-43 
2-53 
2-33 
1-47 
3-74 
4-38 
4-76 
4-68 
6-97 
4-94 
4-89 

1-20 
1-07 
1-19 
1-18 
1-08 
1-34 
116 
1-08 
1-10 
1-13 
1-14 
1-14 

0-34 
0-26 
0-28 
0-26 
0-20 
0-28 
0-31 
0-35 
0-37 
0-42 
0-46 
0-42 

0-40 
0-36 
0-39 
0-26 
0-24 
0-32 
0-38 
0-40 
0-41 
0-46 
0-61 
0-46 

1-18 
1-40 
1-39 
1-04 
1-20 
1-14 
1-22 
1-18 
1-09 
110 
1-13 
1-08 

Miv  

Auguit  

September... 

more  rapidly  until  the  end  of  May,  after  which  it  remains  constant  until  the 
winter  sets  in  again  during  October, 

The  course  of  thd  dissipation  is  exactly  opposite  to  that  of  the  potential 
gradient,  the  curve  representing  the  two  being  almost  mirror  images  of  one 
another.  The  yearly  course  of  the  ionization  consists  of  a  nearly  linear  six 
months'  fall,  from  the  beginning  of  September  to  the  end  of  February,  followed 
by  a  similar  six  months'  rise,  from  March  to  the  end  of  Ai^ust 

Daily  Variations. 

The  daily  course  of  the  potential  gradient  for  the  whole  year  consists  of  a 
single  period  having  a  minimum  about  5  A.M.,  and  a  maximum  about  9  f.m. 

Observations  of  the  dissipation  and  ionization  were  made  three  times  a  day : 
morning  from  8  to  9  a.m:;  midday  from  12  to  1 ;  evening  from  6  to  7  P.H. 
From  the  observations,  the  foUowir^  facts  as  to  the  daily  variation  can  be 
found. 

Dissipation. — During  the  winter  and  spring  the  morning    observations 
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show  a  slightly  higher  dlBsipBtiOD  than  the  midday,  while,  on  tbe  contiaiy, 
during  the  siumner  and  autumn,  the  midday  values  are  the  higher.  For  the 
whole  year  the  dissipation  is  slightly  higher  at  midday  than  earlier  in  the 
morning,  while  the  evening  observations  show  the  lowest  dissipation  of  the 
three.  The  value  of  the  ratio  r  for  nine  months  shows  a  daily  period,  being 
lower  at  midday  than  at  either  tbe  morning  or  evening  observationB. 

Table  IL — Daily  Course  of  the  Potential  Gradient 


A.H. 

P.II. 

AM. 

P.M. 

12  to  1 

116 
102 
92 
87 
84 
95 

147 
161 
161 
152 
163 
166 

6  to  7  

7  „  8  

8  „  9  

9  „  10  

10  „  11  

11  „  12  

IIS 

121 
131 
140 
138 
144 

180 
189 
194 
186 
169 
142 

1   2 

4  „  6 

6  „  6 

lonizaiifm. — The  daily  period  of  the  ionization  is  not  so  pronounced  as 
that  of  tbe  diseipation ;  but  the  ionization  is  slightly  lower  in  the  evening 
than  in  the  morning  or  at  midday  during  the  whole  year.  There  is  practi- 
cally no  difference  between  the  midday  and  morning  ionization.  The  daily 
period  of  the  ratio  $  is  a  steady  rise  from  tbe  morning  to  tbe  evening ;  in  thie 
respect  the  ionization  does  not  correspond  with  the  dissipation. 

Interrelation  of  the  lonizaiion.  Dissipation,  arid  Potential  Gradient. 

Both  the  dissipation  and  ionization  greatly  influence  the  potential  gradient. 
Low  values  of  ionization  and  disBipation  are  accompanied  by  high  values  of 
the  potential  gradient,  and  vicf  versd. 

As  the  potential  gradient  rises  both  the  ratios  q  and  r  become  greater. 

For  any  given  wind  strength,  the  observations  show  that  the  dissipation, 
as  measured  by  ELster  and  Geitel's  instrument,  is  a  linear  function  of  the 
ionization. 

Rdaiion  hetween  the  MetewiAogieal  amd  Electrical  Condition  of  the 
Atmoapkere. 
Wind. — As  is  to  be  expected,  the  dissipation  increases  greatly  with  the 
wind  strength.    The  ratio  q  ehows  a  steady  decrease  as  the  wind  strength 
increases. 

Temperature. — Both  tbe  ionization  and  dissipation  become  much  less  as 
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the  tempentttre  goes  down.  With  temperatures  hetween  10°  and  15°  C, 
the  dissipation  is  495  per  cent,  and  the  ionization  0'44 ;  while  with  tempera- 
tore  below  —  20°  C,  these  become  0*83  per  cent,  and  017  respectively.  As  is 
to  be  expected  from  the  relation  already  deacribed  between  potential  gradient, 
dissipation,  and  ionization,  the  potential  gradient  increases  as  the  temperature 
falls. 

Rdaiiw  SurmdUy.'-With  rising  relative  humidity,  the  dissipation  falls 
rapidly,  and  the  ratio  of  negative  to  positive  dissipation  {q)  increases.  When 
the  whole  year  is  taken  into  account,  the  same  result  is  found  for  the 
ionization ;  but  for  the  winter  and  summer  six  months,  taken  separately, 
the  effect  of  the  humidity  of  the  air  on  the  ionization  is  not  apparent. 

The  Aurora  and  the  Meetriaal  Conditvms  of  the  Atmosphere. 

No  relation  whatever  could  be  detected  between  the  aurora  and  the 
electrical  conditions  of  the  atmoephere.  The  most  careful  watching  of  the 
electrometer  needle  revealed  no  variation  of  the  potential  gradient  with 
variations  of  the  aurora. 

Badio-ActiviiJ/. 

Measurements  of  the  radio-activity  were  made  by  Elster  and  Greitel's 
method,*  and  their  arbitrary  unit  used  in  expressing  the  results.  Obser- 
vations were  made  at  four  different  times  of  the  day — viz.,  from  3  to  5  A.H., 
from  10  to  12  A.U.,  from  3  to  5  f.h.,  and  from  8.30  to  10.30  F.H.  During 
the  year  420  observations  were  made  in  Earai^ok  and  78  in  Hammerfest. 

A  most  distinct  yearly  course  of  the  radio-activity  was  found,  the  maximum 
falling  in  mid-winter  and  the  minimum  in  mid-summer. 

Table  HI. — Yearly  Course  of  the  Kadio-activity. 
Nov.  and  May  and    July  and 

Dec.  Feb.         Apr.         June.         Aug.  Sept. 

A.  mean ...     129  127  55  47  80  123 

A,  max.  ...    432  366  210  204  270  390 

The  radio-activity  has  also  a  very  pronounced  daily  course,  the  maximum 
falling  in  the  early  hours  of  the  morning  and  the  minimum  about  midday. 

Table  IT. — Daily  Course  of  the  Eadio-activity. 

Early  morning,       Morning,         Afternoon,         Evening, 
3to9  A.H.       10  to  12  A.H.       3toB  A.H.      8.30  to  10.30. 
A,  mean  162  58  62  9!? 
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There  is  a  diatmot  connection  between  the  radio-activity  and  the  meteoro- 
logical condition  of  the  atmosphera 

The  radio-activity  increases  as  the  temperature  falls,  rises  as  the  relative 
humidity  rises,  decreases  with  increasing  wind  strength,  and  is  greater  with 
a  fallii^  than  a  rising  barometer.  All  these  facts  support  Elster  and  Greitel's 
theory  that  the  source  of  the  radio-active  emanation  in  the  atmosphere  is 
tiie  soil  of  the  ground.  Those  meteorological  conditions  which  prevent  the 
air  immediately  above  the  ground  from  ascending  tend  to  increase  the  radio- 
activity ;  on  the  contrary,  all  those  conditions  which  cause  a  rapid  circulation 
of  the  air  greatly  reduce  the  radio-activity  when  measured  in  the  lower 
atmosphere. 

As  stated  above,  measurements  of  the  radio-activity  were  also  made  in 
Hammerfest  The  observations  extended  over  four  weeks.  The  mean  values 
were  found  to  be  considerably  lower  than  at  Kara^ok.  The  most  important 
result  of  the  Hammerfest  measurements  was  the  great  difference  in  the  radio- 
activity of  the  air  from  the  sea  and  that  from  the  laud,  as  shown  in  the 
following  table : — 

Table  V. — Kadio-activity  and  Wind  Direction  in  Hammerfest. 
North.         South.         WeBt. 

A,  mean 8  72  4 

A,  max.  20  250  10 
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Note  on  Fluorescence  and  Absorptioti. 
By  John  Butler  Bdrke,  M.A. 

(Commimicatod  hy  Professor  Larmor,  Sec.  R.S.    Beceived  March  13, — Read 
March  30,  1905.) 

In  a  paper  "  On  the  Change  of  Absorption  produced  by  Fluorescence,"*  I 
described  the  existence  of  a  very  remarkable  diSerence  in  the  absorption  of  the 
fluorescent  light  of  uranium  glass,  when  in  the  luminous  and  non-luminous 
atatea.  This  difference  I  have  attributedt  to  a  temporary  change  in  the 
structure  or  chemical  composition  of  the  body  when  exposed  to  the  influence 
of  the  exciting  light;  and  I  have  been  led  to  suppose  that  it  is  due  to  the 
formation  of  new  atomic  connections  which  give  rise  to  new  frequencies 
during  the  period  of  luminosity.  These  I  regarded  as  the  result  of  the 
formation  of  unstable  moleculai'  aggregates  by  the  more  refraogible  or 
exciting  rays;  and  the  luminosity  or  fluorescence,  as  the  radiation  which 
results  from  the  breaking  down  of  such  unstable  molecular  groups.  As 
in  the  case  of  photographic  action,  some  chemical  change  appears  to  be 
produced  by  the  blue  and  violet  rays ;  the  two  cases  differing,  from  the 
physical  point  of  view,  merely  so  far  as  the  molecular  aggregations, 
instead  of  remaining  fixed,  rapidly  disintegrate,  radiating  intensely  at  the 
same  time  the  energy  which  was  stored  up  in  their  formation.  Thus  the 
luminosity  ittelf  is  but  the  visible  manifestation  of  the  building  up  and 
breaking  down  of  what  are  probably  complicated  molecular  agglomerations. 

In  their  very  interesting  and  important  paper  on  this  subjectj  Messrs. 
Kichols  and  Memtt  have  shown  that  the  phenomenon  of  the  change  of 
absorption  depends  upon  the  intensity  of  the  fluorescence.  They  find  that  a 
saturation  effect  takes  place  as  the  intensity  of  the  luminosity  increases,  so 
that  the  change  of  absorption  reaches  a  maximum  with  a  certain  intensity 
of  the  fluorescent  light. 

In  my  experiments  the  transmitted  light,  the  absorption  of  which  was 
measured,  was  of  precisely  the  same  frequency  as  that  emitted  by  the  absorbing 
body ;  its  source  being  another  similar  fluorescent  substance  likewise  in  a 
state  of  fluorescence.    Messrs.  Nichols  and  Merritt,  however,  have  found  that 

*  '  PhiL  Trans.,'  A,  1898. 

t  'Brit.  Asaoc.  Report,'  Belfast,  1902  {cf.  Sir  O.  G.  Stokes,  'Math,  and  Phya.  Fapera,' 
ToL  3  (1901),  p.  310;  also  "Oii  the  Discharge  of  PhosphoresceDce,"  'Boy.  Soc.  Proc," 
vol.  34, 1862,  p.  63,  or  'Papers,'  vol.  0,  p.  118). 

t  '  Physical  Review,'  December,  1904,  p.  396. 
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the  same  effect  occars  when  the  source  of  the  transmitted  light  is  an 
acetylene  flame.  Although  this  iucludee  rays  in  the  more  refrangible  part  of 
the  spectrum,  which  increase  the  flnoresceace  of  the  absorbing  body  and 
thereby  diminish  its  apparent  coefBcient  of  transmission,  yet,  provided  this 
factor  remains  constant,  the  variation  in  the  absorption  of  the  light  from  the 
flame,  corresponding  to  that  of  the  fluorescence  due  to  some  other  excitii^ 
source,  should  still  take  place  and  be  noticeable,  if  the  change  is  considerable, 
as  I  found  it  to  be.  And  they  have  found  no  difficulty  in  observing  the 
result,  as  I  have  done. 

The  object  of  this  note  is  to  call  attention  to  M.  Camichel's  paper  on  Flnoreu- 
cence  in  the  '  Comptes  Bendus '  (January  16,  1905),  as  he  obtained  a  negative 
result.  This  may  have  been  due  to  tiie  feebleness  of  the  fluorescence  on  the  one 
hand,  and  on  the  other  to  the  fact  that  the  precaation  which  he  takes  of  using 
a  fluorescent  screen,  7  cm.  in  thickness,  to  cut  off  the  more  refrangible  rays 
from  the  flame  (a  precaution  which,  as  I  have  said,  ia  unnecessary)  ought  also 
to  stop  the  greater  portion  of  the  rays,  the  absorption  of  which  by  another 
but  similar  body,  he  desires  to  detect  The  parallelepiped  of  uranium  glass, 
7  cm.  in  length,  must  itself  fluoresce,  and  in  so  doing,  if  the  effect  he  seeks 
occurs,  absorb  the  very  rays  whose  absorption  later  on  by  a  cube  of  uranium 
glass  he  proposes  to  measure.  Furthermore,  the  fluorescent  spectrum  of 
uranium  glass  is  composed  of  several  bands,  and  these,  I  think,  in  turn  are 
not  continuous  but  made  up  of  finely  divided  smaller  bands  or  lines. 

The  prevalent  idea  that  the  spectrum  of  fluorescent  and  phosphorescent 
bodies  is  continuous  is,  I  think,  erroneous ;  for  whenever  I  have  been  able  to 
get  the  luminosity  of  sufficient  brightness,  the  spectrum  which,  when  the  light 
was  feeble,  seemed  continuous,  was  found  distinctly  to  be  made  up  of  finer 
bands;  whilst  when  the  intensity  was  diminished  the  distinctly  band- 
like spectrum  was  once  more  found  to  be  dimmed  and  become  continuous. 
Therefore  if,  by  any  means,  the  light  of  precisely  the  same  period  as  the 
fluorescent  light  be  sifted,  or  removed,  from  the  spectrum  of  the  light 
Ixansmitted  through  uranium  glass,  we  should  not  expect  to  get  any 
variations  in  the  absorption  corresponding  to  the  changes  in  the  body  during 
the  fluorescent  state. 

M.  Ch.  f)d.  Guillaume  and  M.  A.  Cotton,  who  have  taken  much  interest  in 
the  beariug  of  EircbhofTs  law  on  fluorescence,  have  written  to  me  expressing 
their  ooncurrence  with  this  aspect  of  the  question. 

I  should  like  to  add,  in  conclusion,  that  there  does  not  seem  to  be  any  reason 
to  suppose,  as  M.  Camichel  implies,  that  the  vibrations  of  the  fluorescent 
light  should  not  be  linear,  when  the  absorption  depends  on  the  intensity  of  the 
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fluorescent  li^t  It  is  true  that  it  would  uot  depend  upon  the  amplitudes  of 
the  vibrations ;  but  if  new  free  periods  are  excited  as  I  have  described,  the 
intensity'  and  the  abaorption  would  both  depend  upon  the  number,  and  the 
duration  of  the  periods  thus  produced,  and  it  is  this  which,  I  think,  the  change 
of  absorption  in  fluorescence  most  distinctly  proves. 


The  Direct  Synthesis  of  Ammonia. 

By  Eduak  Philip  Permak,  D.Sc.,  Assistsut  Professor  of  Chemistry  at 

University  College,  Cardiflf. 

(Commuiucated  by  Principal  £.  H.  Griffiths,  F.RS,     Ueceived  January  3,  and  in 
revised  form,  March  4, — Kead  March  30,  1905.) 

It  was  shown  in  a  recent  paper  on  "  The  Decomposition  of  Ammonia  by 
Heat,""  that  ammonia  is  decomposed  almost  (if  not  quite)  completely  when 
heated  in  a  porcelain  vessel  at  about  800°  to  1100°,  and  that  there  is  no  sign 
of  equilibrium  between  the  ammonia  and  its  decomposition  products  at  any 
of  the  temperatures  employed,  677°  to  1111°. 

In  order  to  discover  if  there  is  any  such  state  of  equilibrium,  it  was 
thought  better  to  attempt  to  reach  that  state  by  synthesising  ammonia 
instead  of  decomposing  it,  as  the  testing  for  and  estimation  of  the  ammonia 
could  then  be  carried  out  with  much  greater  accuracy. 

Preparation  of  the  Mixed  Oases. — In  the  first  series  of  experiments,  the 
mixture  of  nitrogen  and  hydrogen  was  ntade  by  passing  ammonia  gas,  from  a 
strong  aqueous  solution,  ttiroi^h  a  red-hot  iron  tube  heated  in  a  gas  furnace, 
and  the  resulting  gases  were  collected  in  a  large  gasholder  and  stored  over 
dilute  sulphuric  acid.  It  may  be  objected  to  this  method  of  preparation  that 
carbon  monoxide,  hydrogen,  and  other  gases  would  percolate  through  the 
iron,  and  contaminate  the  product  obtained.  In  order  to  test  this  point,  a 
careful  analysis  of  the  gases  was  made,  with  the  result  that  no  carbon 
mcmoxide  could  be  detected  by  the  blood  test ;  no  carbon  dioxide  was  found 
after  exploding  the  gases  with  oxygen ;  and  the  ratio  of  nitrc^n  to  hydrogen 
wsB  found  to  be  correct.  The  mixture  of  gases  made  by  this  method  will  be 
referred  to  as  "Mixed  Gases  I," 

It  was  thought,  nevertheless,  that  traces  of  foreign  gases  might  have 
escaped  detection,  and  might  possibly  have  influenced  the  results.  Conse- 
quently a  second  series  of  experiments  was  carried  out  with  a  mixture  of 
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nitrc^en  and  hydrogen  made  in  an  entirely  different  way.  Nitrogen  gas  was 
made  by  heating  gently  a  solution  of  equivalent  quantities  of  ammonium 
chloride  and  sodium  nitrite,  and  hydrogen  was  prepared  from  a  concentrated 
potash  solution  heated  with  metallic  aluminium,  the  gas  being  passed  through 
two  Drechael  flasks  containing  potassium  permanganate  solution 

Each  gas  was  stored  in  a  gasholder,  and  a  mixture  of  the  two  was  then 
made,  in  the  proportion  of  1  volume  nitrogen  to  3  volumes  hydrogen,  in  a 
third  gasholder.  The  volume  of  gases  was  measured  by  the  volume  of  water 
drawn  off,  due  r^ard  being  paid  to  the  "  head  "  of  water.  This  mixture  will 
be  called  "  Mixed  Clares  II." 

Attempted  Synthesis  by  Heat.  (Mixed  Gases  I,  and  II,  separately.) — The 
mixture  was  proved  to  be  free  from  ammonia  by  testing  with  Nessler's  solution. 
It  was  then  passed  through  a  hard  glass  tube  heated  in  a  combustion  furnace. 
Glass  was  chosen  as  likely  to  have  no  chemical  action  on  ammonia  or  il.8  con- 
stituents. The  temperature  was  varied  from  about  600°  to  1000°  C.  The 
resulting  gases  were  bubbled  through  dilute  hydrochloric  acid  solution ;  this 
was  afterwards  made  alkaline  with  potash,  and  Nesaler's  solution  added. 
The  result  was  that  no  auMnonia  could  be  detected,  whatever  the  temperature 
or  state  of  gases  as  to  moisture. 

In  some  experiments  the  mixture  was  freed  from  traces  of  oxygen  by 
bubbling  through  alkaline  pyrogallate  solution,  and  then  dried  by  strong 
sulphuric  acid ;  in  other  experiments  these  precautions  were  omitted,  but 
the  result  was  always  the  aame,  and  was  obtained  many  times. 

The  experiment  was  varied  by  filling  a  porcelain  globe  with  nitrogen  and 
hydrogen  (Mixed  Gases  I),  and  heating  it  in  a  furnace  to  a  bright  red  heat 
for  about  IJ  hours.  The  gases  were  then  tested  for  ammonia  in  the  usual 
way,  but  not  a  trace  was  found.  We  may  conclude,  therefore,  from  these 
experiments,  that  ammonia  cannot  be  synthesised  from  nitrogen  and  hydrogen 
by  heating  in  vessels  of  glass  or  porcelain,  or  that,  if  it  is  formed,  it  is  not  in 
sufficient  quantity  to  be  detected  by  Nessler's  solution. 

SyrUkem  6y  Seat  in  the  Presence  of  Iron.  (Mixed  Gases  I.) — Some  of  the 
mixed  gases  were  then  passed  through  an  iron  tube  heated  to  redness,  or  in 
some  caras  a  glass  tube  contetining  iron  nails,  and  it  was  found  that,  when 
moisture  was  present,  traces  of  ammonia  were  formed  ;  if,  however,  care  was 
taken  to  exclude  moisture  by  passing  the  gases  through  alkaline  pyrogallate 
solution  and  sulphuric  acid,  and  reducing  any  iron  oxide,  then  no  ammonia 
could  be  detected.    This  result  was  obtained  also  by  Bumsay  and  Young.* 

In  order  to  form  an  idea  of  the  amount  of  ammonia  produced,  known 
•  'ChenL  Stw.  Joum.,'  voL  44,  p.  88,  1864. 
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volumes  of  the  mixed  gaaes  were  passed  through  a  hard  glasB  tube  packed 
with  "  FreDch  nails,"  and  the  ammonia  was  estimated  by  Xessler's  solution, 
aa  in  the  method  uaed  in  water  analysis.  The  following  results  were 
obtained ; — 

Vol.  of  mixed  gaaea.  Approximate  rate.  Ammonia. 

c.c.  litres  per  hour.  milligrammeB. 

500  10  0O3 

SOO  10  006 


Ko  ammonia  could  be  detected  in  any  case  unless  the  iron  was  at  a  bright 
red  heat,  about  800°  to  900".     With  Mixed  Gases  II  :— 

Time.  Vol.  of  mixed  gases.  Ammonia, 

c.c.  milligrammea. 

8     20  250  0-20 

2     45  250  0-20 

0     42  250  017 

It  will  be  noticed  that  the  maximum  amount  of  ammonia  was  formed  when 
the  gases  were  passed  at  the  middle  rate,  indicating  that  the  mixture  had 
come  into  equilibrium.  More  than  twice  as  much  ammonia  per  litre  of  mixed 
g|Be3  was  formed  in  this  series  as  in  the  first,  and  it  appeared  to  be  formed 
at  a  lower  temperature.  Moreover,  when  the  gases  were  carefully  dried  by 
Bulphuric  acid,  traces  of  ammonia  were  still  found.  Whether  this  difference 
was  due  to  greater  purity  of  the  gases  or  to  any  other  variation  in  the  con- 
ditions («^.,  the  new  French  nails)  I  am  unable  to  say. 

My  attention  has  been  called  to  a  paper  by  Haber  and  van  Oordt*  in  which 
some  very  similar  experiments  are  described.  The  proportion  of  ammonia 
formed  in  the  experiments  of  these  investigators  was  about  0'2  to  1000  possible 
(if  completely  converted),  which  is  considerably  less  than  obtained  by  me, 
but  the  temperature  and  other  conditions  were  different  in  the  two  cases. 

Haber  and  van  Oordt  have  attempted  to  tind  the  dissociatiou  constant  at 
different  temperatures,  but  it  appears  to  me  that  the  available  data  are 
entirely  insufficient  for  the  purpose.  Moreover,  the  part  played  by  the  iron 
is  not  yet  completely  understood. 

My  experiments  show  that  the  quantity  of  ammonia  formed  depends  on  the 
amount  of  moisture  present,  but  Haber  and  van  Oordt  appear  to  have  over- 
looked this  point,  and  say  simply  that  their  gases  were  dry. 

■  ZeitB.  fUr  aooi^.  Cheroie,'  vol.  43,  p.  1 1 1,  1906. 
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St/nihetis  by  Seat  in  the  Pretence  of  other  Suhstanees, — Similar  experiments 
were  made  with  a  number  of  other  metals.  Copper,  zinc,  nickel,  cobalt, 
palladium,  aluminium,  and  magneaium,  all  gave  traces  of  ammonia,  but 
usually  less  than  iron.  Flatinnm  sponge  yielded  traces,  whilst  platinised 
asbestos  and  platinum  foil  produced  very  minute  and  scarcely  perceptible 
quantities.  Zinc  and  copper  in  contact  gave  no  more  than  when  present 
separately.  In  all  these  cases,  which  were  made  with  "  Mixed  Qases  I,"  no 
attempt  was  made  to  exclude  moisture, 

£fect  of  Large  Surface. — (Mixed  Gases  I.)  The  followit^  substances  were 
selected  in  order  to  test  the  influence  (if  any)  of  large  surfaces,  on  the 
synthetical  formation  of  ammonia:  pipe  stews,  pumice,  broken  porcelain, 
asbestos.  A  hard  glass  tube  was  packed  with  the  substance,  and  the 
experiment  conducted  in  the  usual  way.  As  the  result,  traces  of  ammonia 
were  found  in  each  case,  except  with  the  porcelain.  All  these  substances, 
except  the  porcelain,  contained  a  notable  quantity  of  iron,  and  I  believe  that 
it  is  owing  to  its  presence  that  the  ammonia  was  formed.  The  porcelain  was 
from  a  broken  globe,  see  former  paper.*  The  pipe-stems  altered  in  colour, 
under  the  influence  of  the  gases,  from  n  yellowish  tint  to  a  dull  grey,  which  I 
ascribe  to  the  reduction  of  the  iron  present.  Although  my  conclusion  may  be 
(juestioned,  I  believe  that  (in  this  ease)  the  extent  of  surface  has  no  effect, 
unless  the  substance  with  which  the  gases  are  in  contact  reacts  chemically 
with  them.  * 

Synthesis  by  Explosion. — ll  was  noticed  that  if  an  explosion  of  the  mixed 
gases  and  air  took  place  in  the  hard  glass  tube,  traces  of  ammonia  were  formed, 
and  the  effect  was  further  investigated  by  exploding  the  gases  with  oxygen 
in  a  eudiometer  and  testing  the  resulting  gases  for  ammonia. 
The  following  are  the  results : — 

Mixed  gases.  Oxygen.  Result. 

C.C.  C.C. 

Ti'aoe  of  ammonia 
ditto    (but  less) 
ditto 
ditto 
ditto  (but  less) 

It  will  be  seen  that  the  quantity  of  ammonia  formed  diminishes  if  the 
oxygen  is  in  excess.     The  quantities  were  very  small,  but  nevertheless  con- 
siderably greater,  in  proportion  to  the  volume  of   gases   taken,  than  those 
*  Loceit. 
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produced  by  the  action  of  iron.  Similar  effects  have  been  noticed  by  other 
investigatoM." 

Synthesis  by  Sparking. — It  is  well  known  that  ammonia  can  be  synthesised 
in  small  quantities  with  the  aid  of  high  potential  electric  diacharges,  and  I' 
have  now  attempted  to  bring  the  gases  into  a  state  of  equilibrium  during 
sparking,  ix.,  into  such  a  state  that  the  rate  of  decomposition  is  equal  to  the 
rate  of  formation  of  the  ammonia,  and  to  reach  that  condition  from  each 
direction. 

Mixed  Oases  I.  Tlie  experiments  were  carried  out  in  a  glass  bulb  of  about 
250  cc.  capacity,  provided  with  two  tubes  aud  stop-cocka,  and  with  platinum 
wires  for  sparking,  the  sparking  distance  being  about  25  mm 

The  bulb  was  placed  in  a  thermostat  and  maintained  at  a  temperature  of 
40°  C,  it  was  filled  with  the  mixed  gases,  and  the  platinum  wires  connected 
with  the  tfirminats  of  an  induction  coil  capable  of  giving  an  8-inch  spark. 

After  the  sparking  the  gases  were  aspirated  into  dilute  hydrochloric  acid 
solution  and  nessleriscd.  The  various  results  are  put  together  in  the  following 
tables : — 


Pressure. 

Time  of  sparking. 

Ammonia  formed. 

Remarks. 

mins. 

milligTanimes. 

Atmoepberic 

5 

002 

moist  gases 

„ 

15 

006 

„ 

r, 

15 

0-02 

veiy  thin  spark 

„ 

5 

0-02\ 
OKISJ 

gases  dried 

„ 

10 

by  HjSO^ 

„ 

16 

0-06 

„ 

20 

OW 

„ 

„ 

:'.o 

0-10 

„ 

„ 

45 

0-10 

2  atmospheres 

60 

019 

, 

;io 

0-19 

From  these  results  it  will  be  seen  that: — 

(1)  Under  atmospheric  pressure  equilibrium  (as  before  defined)  was  reached 
when  O'l  milligramme  ammonia  had  been  formed. 

(2)  Under  a  pressure  nf  two  atmospheres  equilibrium  was  reached  when 
0*19  milligramme  was  present. 

(3)  The  amount  of  ammonia  formed  depends  on  tlie  quantttf  of  electricity 
passing,  thus  a  very  thin  spark  produced  only  one-thinl  as  much  ammonia  as 
a  "fat"  spark  in  the  same  time. 

*  Sei>  Wntts'  IKctioiiarj',  \t\  ed..  Art.  "Ammonia." 

K    2 
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Decomposition  of  AntHonia  by  Sparking. — Attempts  were  made  to  reach  the 
same  eqailibrium  points  by  starting  from  the  opposite  end  of  the  reaction. 
It  was  found  to  require  long  sparking  befoi^  equilibrium  was  nearly  reached. 
The  following  are  the  results  : — 

Preaaure.  Time  of  sparking.        Ammonia  remaining, 

bra.  milligrammee. 

Atmospheric,  allowed  to  blow  off 

every  few  minutes    2'5  O'JS 

Atmoepheric,  risii^  to  two  atmos. 

at  end    5  4-2 

Two  atmos.,  commencing  with  a 

mixture  ot  N  and  H  (1 : 3),  and 

2pcroent.NH,    3  056 

Two  atmos.,  commenciDg  with  a 

mixture  of  N  and  H  (1 :  ^),  and 

1  per  cent  NHg    2-5  032 

At  atmospheric  pressure  decomposition  was  rapid,  and  the  equilibrium 
point  was  very  nearly  reached,  synthesis  giving  010  milligramme  and 
analysis  0'13  milligramme.  When  the  volume  was  kept  constant,  decom- 
position waa  very  slow  and  the  point  of  equilibrium  was  approached  only  by 
starting  a  long  distance  from  the  beginning  of  the  decomposition.  Starting 
with  a  mixture  containing  1  per  cent  of  ammonia,  after  2^  hours'  sparking, 
0-32  milligramme  ammonia  remained  instead  of  0-19  iiiilligramme  by  the 
.  synthetical  method. 

Mixed  Crases  IL — In  this  series  the  length  of  the  spark  was  11  mm.,  «aA 
the  capacity  of  the  globe  262  cc.    At  the  conclusion  of  the  experiment  the 
gases  were  pumped  out  through  dilute  acid.     The  temperature  was  39^8  C. 
In  primary  coil. 

Time.  Current  Voltage.  Ammonia. 

mine.  amperes.  milligrammeB. 

ir>  2  4  0-08 

30  2  4  0-30 

15  1-5  4  0-25 

30  5-5  4  0-44 

45  5-5  4  0-37 

2^-5  ■                        5-5  4  0-41 

15  2-75  2  0-07 

Decomposition  of  ammonia  hy  sparking. 

m  .                  5-5  .                4     .  0-41 
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From  theiie  reeulta  it  ie  seen  that — 

(1)  Equilibrium  was  readied  in  about  22  miuutea,  the  gases  then  containing; 
041  milligramme  ammonia.  Oq  sparking  ammonia  at  atmospheric  pressure 
exacUy  the  same  point  of  equilibrium  was  reached. 

(2)  More  ammonia  is  formed  than  in  the  first  series,  owing  to  the  shorter 
spark ;  also  the  rate  of  decomposition  and  the  rate  of  formation  are  quicker. 

(3)  Other  conditions  remaining  the  same,  the  amount  of  ammonia  formed 
is  roughly  proportional  to  the  current  strength. 

(4)  If  the  current  strength  remains  the  same,  the  quantity  of  ammonia 
formed  ia  much  inSuenced  by  the  voltage.  (It  must  be  remembered  that  the 
electrical  measurements  here  mentioned  are  those  of  the  primary  coiL) 

Since  writing  the  above,  I  have  discovered  that  Berthelot  carried  out 
experiments  of  a  somewhat  similar  nature.  He  found  thaji,  starting  eithei- 
with  ammonia  or  with  nitrogen  and  hydrogen,  sparking  left  finally  a  minute 
quantity  of  anuaonia  which  was  "  of  the  same  order "  in  the  two  cases." 
Using  the  silent  discharge,  he  obtained  the  same  point  of  equilibrium,  starting 
from  either  direction,  viz.,  a  mixture  containing  3  per  cent  ammonia. 
Reference  should  be  made  also  to  the  work  of  Hemptinne,  who  has  investigated 
the  synthesis  of  ammonia  under  various  conditions-t 

Suw.mary. 

(1)  So  far  as  can  be  shown  by  one  of  the  most  delicate  testa  kuown  to 
chemists,  ammonia  cannot  be  synthesised  by  heat  (except  under  special 
conditions  specified  below).  The  decomposition  of  ammonia  by  heat  may, 
therefore,  be  regarded  as  an  irreversible  reaction. 

(2)  Ammonia  may  be  synthesised  in  small  quantities  from  ite  constituent 
elements  (a)  by  heatii^  with  many  of  the  metals ;  (ft)  by  exploding  with 
oxygen ;  (c)  by  sparking.    These  are  reversible  reactions. 

(3)  It  would  appear  that  the  synthesis  of  ammonia  is  effected  only  when 
the  gases  are  ionised ;  the  ioniaation  would  be  brought  about  by  sparkii^,  or 
by  the  high  temperature  of  an  explosion  of  hydrogen  and  oxygen.  The 
immediate  decomposition  of  the  ammonia  formed  would  be  prevented  by  its 
sudden  cooling.  The  metals  in  the  presence  of  moisture  also  produce 
"  nascent "  or  ionised  hydrogen. 

(4)  It  does  not  appear  that  nitrides  of  the  metals  form  an  intermediate 
stage  in  the  formation  of  ammonia,  for  it  was  found  that  metals  readily 
funning  nitridee,  e^„  magnesium,  did  not  produce  more  ammonia  than  the 

others. 

*  '  MSeanique  cliiinique,'  voL  2,  p.  3A6,  lS7d. 
t  'BuU.  Acad.  Boy.  B«lgique,'  1902,  ^  sa 
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(5)  There  ia  a  close  analof^  between  ozone  and  ammonia  with  regard  to 
their  synthesis  and  decomposition  ;  both  are  formed  by  sparking,  and  both  are 
completely  decomposed  by  heat. 

In  Conclusion,  I  wish  to  exprras  my  thanks  to  Mr.  (i.  A.  S.  Atkinson,  B.Sc, 
and  to  Mr.  J.  H.  Davies,  B.Sc,  for  valuabU  aasistance'  renduted  during  the 
earlier  and  later  portions  of  the  work  respectively. 


DeterminatUfH  of  Vapour-pressure  fty  Air-huhhling. 
By  Edgak  Philip  Febmak  and  John  Hughes  Daties. 

(Communicated  by  Principal  K  H.  Griffitba,  F.R.S.    Received  March  8,— Bead 
March  30,  1905.) 

It  was  shown  recently  by  one  of  ua*  that  the  vapour-pressure  of  water  can 
be  determined  with  a  considerable  degree  of  accuracy  by  bubbling  a  current 
of  nir  through  water  in  a  thermostat,  and  estimating  the  amount  of  water 
evaporated  by  absorbing  it  in  atrcng  sulphuric  acid. 

The  accuracy  of  the  method  has  since  been  questioned.f  supersaturatiun 
being  specially  suggested  as  likely  to  cause  error.  We  have  therefore  made 
experiments  in  order  to  discover  what  etror  (if  any)  is  introduced  by  super- 
saturating the  air  with  moisture  before  it  enters  the  water  in  the  thermostat. 
The  effect  of  dust  in  the  air  and  of  electrification  have  also  been  investigated. 
In  each  case  the  arrangement  of  the  apparatus  waaas  described  in  the  previous 
paper. 

Svpersaturaiion. — Before  passing  into  the  flasks  in  the  thermostat,  which 
was  maintained  at  70°,  the  air  was  bubbled  through  a  large  wash-bottle 
containing  water  at  about  8S°,  The  wash-bottle  was  connected  by  a  short 
rubber  tube  with  the  flasks  at  70°.  Otherwise  the  experimeni  was  conducted 
as  already  described.    The  following  results  were  obtained : — 


w. 

P. 

T. 

•c. 

V. 
litres. 

mm. 

Vapour-preaaure. 
mm. 

0-6757 

7o3-2 

2861 

2-005 

736-4 

234-7 

06706 

749'.'! 

288-1 

2-005 

730-2 

234-8 

The  numbers  obtained  in  the  previous  experiments  were  234'2.  233-2, 
234'5,  235'0,  233'5,  and  233-5,  while  Kegnault's  nuuibur  (corrected  as  described 


•  '  Roy.  Soe.  Froc.,'  voL  72,  p.  72,  1903. 

t  '  Journ.  Phyi.  Ch«ni.,'  vol  8,  pp.  £99  and  313,  ]9<M. 
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in  the  former  paper)  is  234-0.  The  supersaturatiou  of  the  air  with  moiBture 
caused,  therefore,  no  appreciable  effect,  the  air  asamning  the  normal  state  of 
saturation  on  passing  through  the  four  flasks  in  the  thermostat  An  explana- 
tion of  the  erratic  reeulte  obtained  hy  Carveth  and  Fowler*  has  already  been 
ofTered  by  one  of  iis.t 

Dust  in  the  Air. — A  thidi  smoke  was  made  by  burning  pieces  of  phosphorus 
near  the  inlet  tnbe  of  the  apparatus  described  in  ibe  f  cnmer  paper.  The  smoke 
was  maintained  during  the  whole  of  the  expeiimeait.  The  result  was  as 
follows : — 

W.  P. 

0-3347  751-8 

Although  a  little  high,  the  result  can  hardly  be  taken  to  indicate  that  the 
fumes  of  phosphorus  pentoxide  had  any  efTect  on  the  amount  of  water  carried 
off.  No  doubt  there  was  such  an  effect  in  the  first  fiask,  but  the  state  of  the 
air  became  normal  before  it  left  the  last  one.  Tbo  experiment  was  not 
repeated  owing  to  its  disagreeable  character. 

Electrificatioa  of  the  Air. — 1.  The  air  was  made  to  pass  through  a  laiige 
flask  in  which  hydrogen  was  being  rapidly  evolved  from  zinc  and  dilute 
sulphuric  acid;  the  air  was  thus  mixed  with  electrified  hydrogen;  it  was 
filtered  from  the  acid  spray  by  a  plug  of  cotton-wool.     The  result  was  : — 


T. 

V. 

P- 

Vapour-preMore. 

•c. 

litres. 

mm. 

mm. 

288-9 

1003 

732 

235-2 

VI. 

P. 

T. 

V. 

F- 

Vapour-pressure. 

gramme. 

mm. 

•c. 

litres. 

mm. 

nmi. 

0-3395 

763-4 

283-4 

1002 

747-5 

234-7 

The  effect  of  tlie  electrification  was  probably  limited  to  the  first  or  first 
and  second  flasks,  the  result  obtained  again  being  normal. 

2.  One  terminal  of  an  induction-coil,  capable  of  giving  (with  the  battei-y 
power  used)  a  6-inch  spark,  was  connected  with  a  wire  passing  into  the  first 
(nearest  the  inlet)  flask  in  the  thermostat ;  the  other  terminal  was  connected 
with  the  bath,  so  thi^  the  silent  discharge  passed  through  the  flasks  and  the 
air  insida     The  result  was  normal. 


Vi. 

P. 

T. 

V. 

P- 

gramme. 

mm. 

•c. 

litres. 

mm. 

mm. 

0-3365 

763-4 

283-8 

1-002 

747-3 

233-6 

*  Loccit. 

t  '  Joum.  Fliys.  Chem.,'  vol  S,  p.  36,  1906. 
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'6,  The  X-iays  from  an  ordinary  focufi-tube  were  allowed  to  fall  on  the 
flasks  in  the  tbennostat,  and  were  specially  directed  on  to  the  last  (nearest 
outlet).  A  wire  from  one  of  the  terminals  of  a  Wimshuret  machine  was 
passed  down  the  gauge-tube  into  the  last  flask,  the  other  terminal  being 
connected  with  the  bath.  With  this  double  arrangement  it  was  thought  that 
the  air  in  the  last  flask  must  be  strongly  electrifled  and  produce  a  fog.  It 
was  impossible  to  see  whether  there  was  a  fog  or  not,  but  the  effect  oil  the 
vapour-pressure  was  as  expected. 


w. 

P. 

T. 

V. 

t- 

Binunme. 

mm. 

•c. 

litres. 

mm. 

mm. 

0-34T3 

761-9 

232-3 

1-002 

746-7 

237-5 

0-3473 

7614 

282-9 

1-002 

745-8 

238-0 

The  greatest  deviation  from  the  normal  value  obtained  in  these  experiments 
— with  the  exception  of  the  last  two— is  slightly  over  0'5  per  cent.,  which  is 
almost  exactly  the  same  aa  that  obtained  in  the  original  investigation. 

It  may  safely  be  concluded,  therefore,  that  no  naturally  occurring  super- 
saturation,  or  dust,  or  electrification  of  the  air  would  have  any  appreciable 
effect  on  the  result 
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On  the  Observatiorts  of  Stars  made  ia  some  British 

Stone  Circles. — Preliminai'y  Note. 

By  Sir  Normas  Lockykb,  K.C.B.,  F.RS..  LLD.,  Sc.!J. 

(Received  March  IB,— Read  March  30,  1905.) 

In  continuation  of  my  work  in  Egypt  in  1891,  and  Mr.  Penroae's  in  Greece 
in  1892, 1  have  recently  endeavoured  to  see  whethei'  there  are  any  traces  in 
Britain  of  the  star  observations  which  I  found  connected  with  the  worship  of 
the  sun  at  certain  times  of  the  year. 

A  star  rising  about  an  hour  before  the  sun  was  watched  in  order  to 
determine  the  time  at  which  it  was  necessaiy  to  begin  the  preparations  of 
the  sacrifice  which  took  place  ftt  the  sun's  rising.  I  stated  that  Spica  was  the 
star  the  heliacal  rising  of  which  heralded  the  sun  at  Thebes  on  May-day  in 
the  temple  of  Min,  !i200  ac.  Sirius  was  associated  with  the  Summer  Solstice 
at  about  the  same  time.  The  equinoxes  were  provided  for  in  the  same  way 
in  Lower  S^ypt,  Imt  they  do  not  concern  us  now. 

Mr.  Penrose  found  the  May-day  worship  continued  at  Athens  on  foundations 
built  in  1495  b.c.  and  2020  rc,  on  which  the  Hecatompedon  and  older 
Ereclitheum  respectively  were  subsequently  built,  the  warning  star  being 
now  no  longer  Spica,  but  the  cluster  of  the  Pleiades. 

It  is  generally  known  that  Stonehenge  is  associated  with  the  Solstitial 
Year.  I  have  recently  suggested  that  it  was  originally  connected  with  the 
May  Year,  but,  so  far  as  I  know,  no  inquiry  has  yet  been  made  to  cannot 
star  observations  with  it  or  with  any  other  of  the  British  Circles. 

I  have  recently  obtained  clear  evidence  that  some  circles  in  different  parts 
of  Britain  were  related  to  the  May  Year,  a  vegetation  year,  which  we  know 
was  general  over  the  whole  of  Europe  in  early  times,  and  which  still  deter- 
mines the  quarter-days  in  Scotland. 

If  the  Egyptian  and  Greek  practice  were  continued  here,  we  should  expect 
to  hnd  some  indications  of  the  star  observations  utilized  at  the  temple  of 
Min  and  at  the  Hecatompedon  for  the  beginning  of  the  May -year. 

Following  the  clue  given  me  in  the  case  of  the  F^yptian  temples,  such  as 
Luxor,  by  successive  small  changes  of  the  axis  necessitated  by  the  change  in 
a  star's  place  due  to  precession,  I  looked  out  for  this  peculiarity  in  an  examina- 
tion of  many  maps  and  plans  of  circles. 

1  have  already  come  across  two  examples  in  which  the  sight  line  has  been 
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changed  in  the  Egyptiaii  manner.  The  first  is  the  three  circles  of  the  Uurlers, 
near  Ltskeard,  a  plan  of  which  in  given  in  "  Prehistoric  Stone  Monuments 
of  the  British  Isles :  Cornwall,"  by  H.  C.  Lukia,  puhlished  by  the  Society  of 
Antiquaries,  who  were  bo  good  as  bo  furnish  me  with  a  copy,  and  also  some 
unfolded  plans  on  which  sight  lines  can  be  accurately  drawn  and  their 
azimuths  determined.  I  am  anxious  to  express  my  obligations  to  the  Council 
and  ofiicers  of  the  Society  for  the  help  thus  afforded  ma 

The  second  is  at  Stanton  Drew,  in  Somerset,  consisting  of  three  circles,  two 
avenues,  and  at  least  one  outstanding  stone.  These  were  most  carefully 
surveyed  by  Mr.  C.  E.  Dymond  some  years  ago,  and  he  was  good  enough  to 
send  me  a  copy  of  his  plana  and  levelling  sections. 

To  invest^te  these  cases  as  completely  as  possible  without  local  observa- 
tions in  the  first  instance,  I  be^ed  Colonel  Johnston,  RK,  C.B.,  the  Director- 
Oeneral  of  the  Ordnance  Survey,  to  send  me  the  25-inch  maps  of  the  sites, 
giving  the  exact  azimuth  of  the  side  lintis.  This  he  obligingly  did,  and  I 
have  to  express  my  great  indebtedness  to  him. 

Of  the  various  sight-lines  found,  those  to  which  I  wish  to  call  attention  in 
the  first  instance,  and  which  led  me  to  the  otheiw,  are 

Hurlers.  Stanton  Drew. 

Lat.  50°  31'  N.  Ax.  Lat.  51°  10'  N.  Az. 

S.  circle  to  central  circle  N.  12°  E.  Great  circle  to  Quoit    N.  17°  E. 

Central  to  N.  circle N.  15  E.  S.W.  circle  to  Quoit      N.  20  E. 

N.  circle  to  tumulus    ...  N.  19  E. 

For  the  purposes  of  a  preliminary  inquiry  in  anticipation  of  the  necessary 
local  obaervationa  with  a  theodolite,  for  which  I  am  making  arrangements, 
Qssumlng  bills  half  a  degree  high,  which  roughly  compensate  the  refraction 
correction  so  that  we  may  use  sea-horizon  values,  we  have  the  following 
dedinBtions  approximately : — 

The  Hurlera     Lat.  50°  31'.  Stanton  Drew.    Lat.  51°  IC. 

Dea  N.  38J°  Dec.  N.  37° 


361 


37 


I  have  prepared  a  diagram  showing  the  declination  of  the  three  brightest 
stars  in  the  northern  heavens,  having  approximately  the  declinations  in 
question,  for  the  period  0  to  2500  rc.  The  calculations  for  0  to  2000  b.c.  are 
taken  from  the  tables  published  by  Dr.  Danckwortt,  in  the  '  Proceedings  of 
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the  Astronomiacbe  Gtesellscbaft,*  and  have  been  completed  from  2000  to 
2500  B.C.  by  Dr.  Lockyer. 

Vega  is  ruled  out  as  its  declination  ia  too  high.  Tlie  remaining  stars 
Capella  and  Arctunis  may  have  been  observed  so  far  as  the  declinations  go. 
For  time  limits  we  have : — 


)ec.N. 

Capfllla. 

Arctunw. 

38}° 

500  B.C. 

1550  B.C. 

36 

1050    „ 

1150    ,. 

The  interesting  fact  must  be  pointed  out  tlint  about  1000  b.c.  the 
decliuation  of  the  two  stars  was  very  nearly  the  same. 

Now  there  is  no  question  as  to  which  of  these  two  remaining  stars  we  have 
to  deal  with,  for  I  find  by  the  use  of  a  precessional  globe,  that  for  about 
1400  B.C.  and  800  B.c.  the  warning  stars  were  as  follows  for  the  critical  times 
of  the  year,  i.e..  May,  August,  November,  February. 


May 

August  . . 
November 
February., 


1400  RC. 

Pleiades  rising 
Arcturus  rising 
Capella  setting 
Capella  rising 


Az. 

N.  14°  E. 

N.  29  E. 
Dec.  34  N. 


800  B.C. 

Pleiades  rising 
Sirius  rising 
Bete^nse  setting 
Capella  rising 


N.  21°  E. 
Dec.  37  N. 


It  is  quite  clear  then  that  we  have  to  deal  with  Arctnnis,  and  this  being  so, 
the  approximate  dates  of  the  use  of  the  three  circles  at  the  Hurlers  can  be 
derived.    They  are : — 

B.C. 

Southern  circle  aligning  Arcturus  over  centre  of  central  circle  ...     1600 

Central  „  „  „  N.  circle 1500 

Northern  „  „  „  tumulus  1300 

I  have  already  pointed  out  that  Mr.  Penrose  found  the  warning  star  for 
May  morning  at  the  date  of  foundation  of  the  Hecatompedon,  1495  B.C.,  to  be 
the  group  of  the  Pleiades.  As  the  foundations  of  the  Hecatompedon  were 
only  built  some  few  years  after  the  stones  of  the  central  circle  of  the 
Hurlers  were  used,  we  ought  to  find  traces  of  the  observations  of  the  same 
May  morning  stars.  We  do :  there  is  a  atone  with  amplitude  E.  11°  N.,  which, 
when  aligned  from  the  S  circle,  would  have  pointed  out  the  rising  place  of 
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t)ie  Pleiades  about  1600  B.C.,  the  date  we  have  already  found  from  the 
obeervations  of  Arcturus.  1  regard  thU  as  an  important  confirmation  of  the 
time  of  the  use  of  the  temple,  all  the  more  as  the  high  situation  of  the  circles, 
not  generally  dominated  by  higher  levels  for  some  miles,  renders  it  probable 
that  large  corrections  for  hills  will  not  be  required  to  be  made. 

The  place  of  sunrise  in  November  ia  indicated  by  sight-lines  from  all  three 
circles  (Az.  S.  67°-9  E.). 

There  are  alignments  in  connection  with  the  N.  circle  which  suggest  the 
introduction  of  the  solstitial  year,  hut  these  and  some  others  may  wait  till 
local  o)«ei'vation8  have  been  made  before  more  is  said  about  them. 

With  regard  U>  Stanton  Drew  it  is  clear  that  we  are  there  also  dealing  with 
Arcturua  Mr.  Dymond's  levels  give  an  idea  of  the  height  of  the  hills,  so 
with  the  Ordnance  map  azimuths,  read  to  1°,  the  provisional  dates  of  the 
use  of  the  Great  and  S.W.  Circles  are  as  under : — 

B.C. 

Great  CiixJe 107.'» 

S.W.  Circle   1260 
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Seport  on,  an  Area  of  Local  Magnetic  Distvrhance  in  East 
Loch  Boag,  Leioea,  Hebrides, 

By  CaptaiD  Abthub  Mobttk  Field,  Boyal  Navy. 

(Conmranicated  by  Eear^Admiral  Sir  William  Wharton,  K.C.R,  F.E.S.     Received 
January  24, — Bead  February  9,  1905.) 

Consequent  upon  a  report  received  in  October,  1902,  that  on  paesing  east* 
ward  of  Little  Bemera  Island  at  the  entrance  of  East  Loch  Boi^,  the 
Northern  Lighthouse  Commissionera'  vessel  had  observed  her  compass  to  be 
dflflected  b°  or  6°,  an  opportunity  was  taken  by  H.M.S.  "  Besearch  "  whilst 
surveying  in  the  neighbourhood  to  verify  the  statement 

Steaming  slowly  over  the  ground,  in  a  depth  of  16  to  18  fathoms,  sandy 
bottom,  the  deflection  was  seen  to  amount  to  10°  or  11°  and  in  a  direction 
contrary  to  that  which  had  hitherto  been  noticed  by  vessels  passing  over  areas 
of  magnetic  disturbances  in  various  parts  of  the  world. 

Beyond  a  few  preliminary  observations  to  ascertain  the  horizontal  deflection 
of  the  needle,  nothing  further  could  then  be  done  without  special  instruments. 
In  the  following  year,  however,  the  hydrographer.  Admiral  Sir  W.  J.  L, 
Wharton,  K.C.B.,  F.RS.,  directed  a  more  complete  examination  to  be  made, 
for  which  purpose  a  heeling  error  instrument  and  Lord  Kelvin's  deflector  were 
supplied.  In  June,  1903,  H.M.S.  "  Research  "  accordingly  returned  to  East 
Loch  Boag,  and  a  week  was  devoted  to  making  observations  for  variation, 
vertical  force,  and  horizontal  force  at  73  stations,  the  ship  being  tautly 
moored  at  each. 

Owing  to  the  area  to  be  examined  lying  in  a  position  exposed  to  a  heavy 
swell  from  the  northward,  which  was  constantly  experienced,  the  observations 
were  made  nnder  considerable  difficnltiea 

The  results  are  given  in  tabular  form,  from  which  dii^rams  have  been 
constructed. 

The  maximum  disturbance  from  the  normal  was  found  to  be,  for  vertical 
force,  0-056  C.G3.  unit  in  au  upward  direction,  and  for  variation  11^°  the 
north  seeking  end  of  the  fieedle  being  repelled  from  the  valley  line,  which  lies 
nearly  in  the  magnetic  meridian. 

The  "  Besearch  "  being  a  composite  built  ship,  is  subject  to  induction  when 
placed  in  a  magnetic  field ;  measures  of  magnetic  disturbances  independently 
of  the  magnetism  induced  in  the  ship  are,  therefore,  impracticable.  For  this 
VOL.  UUVI.— A.  0 
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reason  observatiouB  taken  od  board  "  Besearoh  "  can  only  locate  the  "  magnetic 
ahoal "  and  meoeure  its  extent 

The  methods  adopted  for  the  survey  of  this  area  of  magnetic  disturbance. 
80  u  to  obviate  as  f or  ae  possible  this  limitation,  are  stated  below. 

Variaium. — The  ship  was  carefully  swung  for  deviation  in  deep  water  in 
tihe  vicinity,  but  outside  the  influence  of  the  area  of  magnetic  disturbance. 

When  in  position  on  the  magnetic  shoal  and  tautly  moored,  the  bearing  of 
a  distant  peak  was  noted  from  the  standard  compass  (45  feet  abaft  the  bridge 
oompasa  and  12  feet  above  the  sea).  The  ship's  position  being  aconrately 
plotted  on  the  original  plotting  sheet  of  Loch  Boag  (6-9  inches  to  the  sea 
mile),  the  true  bearii^  of  the  distant  peak  was  taken  off. 

Vertical  Force. — The  observations  for  vertical  force  were  obtnined  on  board 
with  the  heeling  error  instrument,  at  the  position  of  the  bridge  compasa 


'  ^.."^V'* 


Fio.  S. — Horinmtal  force.  Duturbance  from 
nornud  in  C.O.S.  tiiiits.  Decimal  point  indi- 
catea  obserrMioD  spot  in  each  caae.  NoiToal 
horizoDtal  force  in  lonlitj,  from  ProfeMor 
Thorpe's  obaemtioiie,  0-16607  C.O.S.  unit. 


Fio.  3.— Vertical  force.  Diagnm  of  lisM 
of  equal  diiturhftiice  in  QO.S.  nniU 
^OKordt  from  norm&l.  Normal  vertical 
force  in  locali^,  from  Profeenr  Thoipe^a 
obaerratioDB,  is  0*461  CQ.S.  nnit. 
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16  feet  above  the  sea.  The  bridge  compass  and  pillar,  without  its  ooireoting 
magneta,  were  subsequently  landed  at  Biicker  and  Thorpe's  Station  on  Great 
Semera  Island,  and  the  heeling  error  instrument  was  observed  to  be  horizontal 
with  the  movable  weight  set  at  38*8  scale  divisions. 

HoTizonial  Force. — The  observations  for  horizontal  force  were  obtained  on 
board  with  the  bridge  compass  (corrected  by  fore  and  aft  and  athwartship 
magnets)  by  the  aid  of  Lord  Kelvin's  deflector  set  at  12-0  scale  divisions,  and 
used  as  a  sine  deflector. 

After  obtainii^  obeervatious  for  horizontal  force  within  the  area  of 
mimetic  disturbance,  the  ship's  head  having  been  noted  at  each  observation, 
she  was  then  taken  into  deep  water  outeide  the  area  of  disturbance,  and  the 
observations  repeated  with  her  head  in  corresponding  directaona  The  bridge 
compass  and  pillar,  without  its  correcting  magnets,  were  then  lauded  at 
Biieker  and  Thorpe's  Station,  and  with  tiie  deflector  set  at  12-0  scale  divisions, 
the  ai^le  of  deflection  was  observed  to  be  35*15'. 

O^nerai  Semarks. — The  anchors  were  laid  out  as  far  apart  as  possible  on 
either  side  of  the  "  valley  line,"  and  the  ship  was  hanled  slowly  across  with  a 
spring  on  the  cable  to  keep  her  head  quite  steady  whilst  the  observations 
were  being  made.  A  heavy  swell  caused  Uie  ship  to  roll  considerably,  maMi^ 
satisfactory  observations  of  the  horizontal  force  espedally  very  difficult  to 
obtain. 

The  agreement  of  the  "  valley  line,"  resulting  from  the  observations  for 
variation  and  for  vertical  force,  is  noticeable. 

Placii^  the  (full  size)  horizontal  force  sheet  over  the  vertical  force  sheet,  it 
is  observed  that  the  change  in  value  of  the  horizontal  force  takes  place  at  the 
lowest  points  in  the  "  valley "  or  line  of  least  vertical  force,  and  shows  the 
repellent  force  of  the  mi^etism  at  those  lowest  points. 
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The  Determination  of  the  i^cifio  Beat  of  Sni/perheaied  Steam  6y 

Throttling  and  other  Experiments. 

By  A,  H.  Peaks.  M.A.,  A-OJl 

(Communicated  hy  Profeaaor  Ewing,  F.B.S.     Seceived  March  16, — Bead 
March  30,  1906.) 

In  October,  1898,  the  author  commenced  experimeuts,  having  for  their 
object  the  determinatioa  of  the  specific  heat  of  superheated  steam.  At 
first  an  attempt  was  made  to  obtain  this  end  by  measuring  the  rise  iu 
temperature  produced  in  a  known  quantity  of  steam  by  supplying  a  definite 
amount  of  heat  in  the  form  of  electrical  energy,  but  the  experimental 
difficulties  experienced  in  satisfactorily  preventing  radiation,  in  main- 
tainii^  the  rate  of  Sow  of  steam  uniform  and  in  securii^  a  steam  supply 
sufficiently  homogeneous  and  constant  as  to  temperature,  proved  so  great 
that  the  attempt  on  these  lines  was  given  up  for  a  time,  but  returned  to 
later. 

Then  another  method  was  adopted,  that  of  allowing  dry  saturated  steam 
to  expand  without  doing  external  work,  and  observing  the  reeolting  change 
in  temperature.  This  method  had  been  used  in  preliminary  experiments 
on  this  subject  by  Professor  Ewing  and  Mr.  Dunkerley,  who  found  that 
the  specific  heat  of  superheated  steam  at  atmospheric  pressure,  as  deduced 
by  this  method  from  Begnault's  values  of  the  "  total  heat,"  was  not  a  constant, 
as  bad  been  previously  supposed,  but  increased  with  temperature.* 

"WhOe  the  writer's  experiments  were  in  progress,  an  account  of  fm  almost 
identical  research,  carried  out  by  Mr.  J.  H.  Griudley,  was  published  in  the 
'Philosophical  Transacttona  of  the  Boyal  Society,'  A,  voL  194,  pp.  1  to  36. 
This  inveat^atiou  covered  so  completely  the  ground  which  the  author  had 
intended  to  cover,  and  the  results  ^reed  ao  well  with  those  obtained  up  to 
that  time,  as  to  discourage  at  first  any  further  pursuit  of  the  subject. 

However,  after  careful  examination  of  Mr.  Grindley's  paper  and  com- 
parison of  results,  there  appeared  to  be  a  somewhat  serious  source  of  error 
common  to  both  his  experiments  and  the  author's,  and  it  was  decided  to 
proceed  with  the  investigation  with  the  object  of  obtaining  fresh  data. 

The  results  finally  arrived  at  appear  to  amply  justify  this  decision,  the 

source  of  error,  which  will  be  mentioned  presently,  being  gradually  reduced 

and  at  last  efiectually  eliminated.    When  this  was  done  the  conclusions, 

*  Note  road  at  the  Britiib  Anociatioa,  Toronto,  1897. 
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white  bearing  out  Ur.  Giiudley's  work  in  several  partioulais,  differed  from 
it  in  at  least  one  important  feature. 

It  is  well  known  that  if  diy  saturated  ateam  be  allowed  to  expand 
without  doing  extemal  work,  and  without  losing  heat,  it  becomes  super- 
heated. The  direct  object  of  the  experiments  was  to  determine  the  law 
connecting  the  temperature  and  preseute  of  superheated  steam  during  this 
free  expansion ;  then  from  this  law  and  Regnault^s  tables  of  the  total  heat 
of  saturated  steam,  the  degree  of  superheat,  and  the  amount  of  total  beat 
corresponding  to  this  superheat,  can  be  obtained  at  any  particular  pressure 
lower  than  the  initial  pressure  of  the  steam,  and  henoe  the  mean  specific 
beat  over  that  range  of  superheat,  and  also  the  manner  in  which  it  varies — 
if  the  law  be  known  for  various  initial  pressures — ^may  be  calculated. 
This  is,  of  course,  assuming  that  £egnault's  tables  of  saturated  steam  are 
accurate. 

Until  the  throttling  experiments  were  concluded,  no  doubt  was  enter- 
tained on  this  point,  but  it  was  then  seen  that  a  small  deviation  from  the 
straight  -  line  law  laid  down  by  li^nault,  coimectiog  total  heat  and 
temperature  of  saturated  steam,  would  have  a  considerable  effect  on  the 
calculated  specific  heat  of  superheated  steam,  and  the  author  is  now 
convinced  that  Begnault's  tables  are  not  sufficiently  accurate  to  enable  the 
specific  heat  to  be  obtained  by  this  method  with  any  degree  of  accuracy. 
In  the  meantime,  however,  as  Begnault's  tables  are  the  only  ones  available 
for  this  purpose,  they  have  been  used  in  the  calculations  connected  with  the 
wire-drawing  experiments,  so  that  the  final  conclusions  from  these  experiments 
respecting  the  value  of  the  npecific  heat  of  superheated  steam  must  await 
the  correction  of  these  tables. 

I*t  p,,  (,,  Hj,  t^,  and  v^  represent  respectively  the  pressure,  temperature, 
total  heat,  specific  volume,  and  velocity  of  dry  saturated  steam  before 
expansion. 

Let  p„  tf,  Vg,  and  u,  represent  respectively  the  pressure,  temperature, 
specific  volume,  and  velocity  of  the  steam  after  being  superheated  by  free 
expansion. 

Also  let  tj  and  H,  represent  the  temperature  and  total  heat  of  dry 
saturated  steam  at  pressure  ^ ;  let  «  be  the  volume  of  unit  mass  of  water, 
let  J  stand  for  Joule's  mechanical  equivalent  of  beat,  and  let  K,  be  the 
mean  specific  heat  of  superheated  steam  at  constant  pressure  j?,  between 
temperatures  f,  and  t^'. 

Then  the  total  energy  of  unit  quantity  of  steam  before  expansion  is 


H     Pi<^-')|  V. 
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The  total  energy  after  bdng  euperbeated  hy  expansion  is 

and  the  heat  equivalent  of  the  work  done  on  the  steam  during  the  tree 

expansion  is        j      *>  for  piVi  is  the  work  done  on  the  steam  entering  the 

orifice  by  the  boiler  eteam  behind  it,  and  p^v,  ie  Uie  work  done  by  the  steam 
coming  from  the  orifice  on  the  exhaust  steam  before  it. 

Now  the  final  eneigy  is  eqn&l  to  the  initial  energy  bother  with  the 
added  energy,  that  is 

B,+(a^+i^  =  H.+K,  (,,'-«, 

ao  that  tbe  total  beat  is  the  same  both  before  and  after  free  expansion 
except  for  the  terms  j  — •"  a^j"-  ^***  ^'  ^^'^  quantities  are  small, 
and  enter  as  slight  correction  into  the  results. 

It  is,  of  coarse,  important  that  the  saturated  steam  before  expansion 
should  be  quite  dry.  Failure  in  this  req>ect  was  the  chief  cause  of  ditBculty 
experienced  in  the  earlier  experiments,  but  when  this  condition  was  at  last 
obtained,  the  experimental  results  became  at  once  much  more  simple  and 
satisfactory. 

Now  in  Mr.  Qrindley's  experiments  this  condition  of  perfect  dryness 
before  expansion  was  never  secured,  for  after  the  steam  had  been  allowed 
to  dry  in  a  separator,  it  was  conducted  to  the  orifice  disc  where  the  throttling  , 
took  place  along  a  |-inch  steam  pipe  about  1  foot  in  lengtli,  no  mention 
is  made  of  lagging  round  this  pipe,  and  even  if  it  had  been  well  lagged  this 
would  not  have  entirely  prevented  radiation,  consequentiy  moisture  most 
have  been  reproduced,  the  velocity  of  the  steam  in  the  pipe  was  most 
probably  sufficient  to  |»event  any  separating  action,  and  the  moistnre  was 
carried  aloi^;. 

This  defect  in  the  design  of  his  apparatus  led  him  to  the  erroneous 
conclusion  that  what  is  ordinarily  taken  to  be  dry  saturated  steam,  is  not 
really  quite  dry,  but  contains  a  definite  amount  of  moisture,  t^e  amount 
depending  upon  the  temperstura 

The  principal  piece  of  apparatus  used  in  the  author's  experiments  was 
virtually  a  form  of  throttling  calorimeter,  specially  designed,  and  gradually 
improved  to  avoid,  as  far  as  possible,  errors  due  to  conduction  and  radiation, 
and  to  reduce  corrections  dependent  npon  the  kinetdc  energy  of  the  steam. 
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After  a  series  of  sm^  improvementB,  the  apparatus  finally  asBomed  the 
form  shown  in  part  section  in  fig.  1. 


Fig.  2  gives,  on  a  lai^r  scale,  a  section  view  of  the  throttling  calorimeter 
alone. 

Hie  steam  was  taken  direct  from  the  crown  of  a  locomotive  boiler — not 
shown  in  the  figure — through  a  wheel-valve,  WV,  to  a  separator,  S ;  it  was 
then  allowed  to  pass  through  a  small  orifice,  0,  in  a  mica  discs,  thus  being 
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wire^drawn,  or  throttled,  and  coDBsqueatly  superheated.  This  disc  was  held 
down  on  the  top  of  the  separator  by  a  flange  and  studs,  the  ateam  joint  being 
made  by  placing  an  asbestos  washer  on  each  side  of  the  mica  diac ;  Uiese 
washers,  which  only  needed  a  small  inside  diameter,  also  materially  assisted 
the  mica  in  the  prevention  of  conduction  of  heat  from  the  high-preeaoEe 
steam  to  the  cooler  wire-drawn  steam. 

The  now  superheated  steam  coming  &om  the  orifice,  immediately  entered 
a  glass  tube,  gt,  and  was  caused  to  pass  through  several  layers  of  fine  copper 
gauze,  whose  object  it  was  to  destroy  all  eddies  in  the  steam,  and  convert 
their  kinetic  energy  into  heat  energy. 

Fia.  2. 


Directly  after  leaving  the  gauze,  the  steam  came  into  contact  with  a 
thermometer  pocket,  y',  in  which  was  a  thermometer  for  taking  the  tempera- 
ture, <i',  the  pocket  being  concentric  with,  and  inside  of,  the  glass  tube ;  after 
traversing  the  length  of  this  tube,  the  steam  passed  down  an  annular  space 
outside  it — thus  forming,  so  to  speak,  its  own  jacket — and  was  then  allowed 
to  escape  into  the  air  through  a  small  wbnel-valve,  -wv,  which  served  to 
T^iilate  the  pressure  of  the  superheated  steam. 

Since  the  temperature  of  this  valve  might  be  much  lower  than  that  of  the 
steam  entering  it,  on  account  of  the  throttling  which  was  generally  neceosaiy 
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there,  the  valve  was  connected  to  the  apparatus  \>j  a  heat-insulatiDg  joint,  J. 
This  joint  vaa  made  by  bolting  together  two  flanges  with  asbestos  packing 
between,  asbestos  washers  also  being  placed  under  the  bolt  heads  and  nuts. 

The  whole  of  this  part  of  the  apparatus  from  the  separator  was  thoroi^hlj 
well  h^ged  with  felt ;  this  lagging  is  not  shown  in  the  figmes. 

The  pressure  reading  of  the  superheated  steam  was  obtained  daring  the 
more  recent  experimenU  in  the  following  manner : — A  passage  from  the  side 
of  the  apparatos  opposite  the  exhaust  valve,  v>v,  led  through  a  heat-insulating 
joint,  Jy  siuiilar  to  the  one  jnst  described,  alcmg  an  nnlagged  iron  tube  about 
20  inches  in  length,  to  a  small  chamber,  C,  containing  another  thermometer 
pocket,  p",  in  this  chamber  the  steam  was  allowed  to  become  saturated — a 
process  which  never  presented  any  diEBculty — and  the  water  formed  was 
drained  out  by  a  cock,  d^  at  the  bottom,  a  small  quantity  of  steam  was 
allowed  to  blow  through  this  drain-cock  with  the  water,  to  ensure  that  water 
was  not  collecting  about  the  Uiermometer  pocket ;  the  temperature,  t„  was 
taken  there,  and  the  pressure  obtained  from  B^naolt's  tables.  The  flow  of 
steam  along  the  pass^  was  so  slight  that  no  appreciable  drop  in  pressure 
could  be  attributed  to  it. 

A  pressure-gauge,  p^  was  also  fitted ;  this  was  not  relied  on  for  the  true 
reoding,  but  it  waa  a  distinct  convenience  in  working. 

Several  materialB  were  tried  for  the  orifice  discs :  glass,  boxwood,  earthen- 
ware, and  mica ;  of  these,  mica  was  found  to  be  the  most  satisfactory,  the 
glass  discs  invariably  cracked,  the  orifioee  in  the  wooden  discs  closed  ap,  and 
tiie  discs  warped  and  split ;  earthenware  discs  were  satis&ctory  in  use,  but 
were  not  ao  easily  made  as  mica  ones ;  consequently  mica  was  the  material 
adhered  to  after  the  preliminary  experimenta 

Three  sizes  of  orifice  were  used,  their  diameters  being  req>ectively  3/64, 
1/16,  and  3/32  of  an  inch.  The  smallest  size  was  used  for  boiler  pressures 
of  160  lbs.  per  square  inch  and  upwards,  except  wheu  the  pressure  of  the 
throttled  steam  was  required  to  approach  so  near  to  the  boiler  pressure  that 
the  flow  became  excessively  feeble,  and  a  radiation  enor  became  apparent,  in 
which  case  the  next  size  was  substdtnted.  For  initial  pressures  between  70 
and  110  lbs.  per  square  inch  inotusive,  the  1/16  inch  orifice  waa  used,  and 
below  70  lbs.  pressure,  the  latest  one,  S/32  inch  was  used. 

No  great  importance  is  attached  to  this,  but  theee  sizes  were  found  to  be 
best  adapted  to  those  pressures  in  this  particular  appantus.  If  the  orifices 
were  maoh  reduced  sufficient  steam  did  not  pass  to  make  the  radiation 
loss  inappreciable,  if  they  were  much  increased  the  blast  of  steam  was 
inconveniently  large,  and  the  gauze  might  be  insufficient  in  quantity  to 
destroy  the  eddies. 
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The  separator  was  coDBtmcted  out  of  a  piece  of  4-mch  steam  pipe,  12  inchea 
long,  the  ends  were  cast-iroD  flaDges,  and  were  bolted  together  with  six  }-inch 
bolts;  the  efTective  diameter  of  the  separator  was,  however,  considerably 
reduced  by  the  insertion  concentrically  of  a  glass  cylinder,  GC,  a  lamp 
chimney  about  8  inchea  in  length  and  2^  inches  in  diameter,  which  was 
supported  upon  a  wire  frame,/,  in  such  a  manner  that  its  upper  edge  was  in 
the  same  plane  as  the  upper  face  of  the  top  flai^,  the  annular  space  round 
the  glass  cylinder  thus  becoming  a  steam  jacket,  SJ. 

The  steam  inlet  pipe,  I,  projected  through  the  lower  flai^,  and  the  direction 
of  the  entering  steam  was  changed  by  means  of  two  elbows,  so  that  it  blew 
against  the  flange.  In  this  lower  flange,  also,  was  flxed  the  separator  drain- 
cock,  d^. 

The  pressure  reading  of  the  steam  in  the  separator  was  obtained  by  means 
of  a  temperature  measurement  and  Renault's  tables.  For  tliia  purpose  a  pipe 
projecting  from  the  side  of  the  separator  contained  a  third  thermometer 
pocket,  p"',  to  the  outside  of  which  the  steam  bad  free  aooess,  and  the  pocket 
contained  in  turn  the  thermometer  for  obtaining  temperature,  ^  ;  any  steam 
condensing  in  this  pipe  drained  back  into  the  separator. 

Although  Uie  pressure  in  the  separator  was  the  same  as  that  in  the  boiler 
under  ordinary  working  conditions,  yet  it  was  preferred  to  obtain  the 
pressure  ^m  the  temperature  readings,  just  as  in  the  similar  case  previously 
mentioned,  rather  than  bust  to  the  boiler  gauge  readings,  this  method  beii^ 
found  to  give  more  accurate  results,  although  the  gauges  were  good  ones  of 
their  kind,  and  had  been  carefully  calibrated. 

The  thermometers  used  were  mercury  ones,  graduated  in  divisions  of  half  a 
degree  Centigrade ;  they  had  been  carefully  calibrated  previously  by  indirect 
comparison  in  hot  oil  well  stirred  with  a  standard  platinum  resistance 
thermometer,  originally  standardised  by  the  author,  and  corrections  necessary 
to  give  the  temperature  on  the  air  scale  were  thus  obtained  to  0'1°  C.  over 
the  required  working  range.  They  were  also  calibrated  in  positioii  by 
blowing  saturated  steam  through  the  apparatus,  the  orifice  disc  first  having 
been  removed ;  the  pockets  had  been  mode  equal  in  length,  and  were  kept 
filled  with  oil  just  as  during  ordinary  experiments.  Although  this  was  a 
check  on  the  accuracy  of  the  pressure  gauges  rather  than  the  thermometeis, 
yet  the  differences  between  the  readings  of  the  various  thermometers  agreed 
with  those  formerly  obtained. 

It  is  evident  from  consideration  of  the  character  of  the  results  that  a  slight 
difference  between  the  apparent  temperatures  and  the  true  temperatures  on 
the  air  scale  wotild  have  no  appreciable  effect  on  the  results ;  it  is  accuracy  of 
the  scale  that  is  of  vital  importance,  hence  no  correction  need  be  applied  for 
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the  effect  of  the  thermometer  pockets,  since,  aa  has  just  been  shown,  if  the 
readings  were  afiected  at  all  they  were  affected  equally. 

The  temperature  readings  taken  during  an  experiment  were  converted 
into  the  Fahrenheit  scale,  as  the  English  eystem  of  units  was  used 
tiirou^oat. 

The  method  of  conducdng  the  experiments  was  as  follows : — ^The  boiler 
pressure  was  brou^t  to  some  predetermined  value,  and  maintained  constant 
throughout  a  complete  experiment  by  continual  readings  of  the  temperature 
of  the  boiler  steam,  the  sl^htest  observable  tendency  to  chai^  being 
checked  by  slight  movements  of  the  fire-door  or  dampers.  Steam  was  then 
allowed  to  blow  through  the  apparatus,  the  separator  inlet  valve  being 
maintained  full  open  during  each  experiment,  the  drainHMJcks  were  opened  by 
a  suitable  amount,  and  a  few  minutes  allowed  to  elapse  for  the  thermometer 
readings  to  become  settled;  as  they  approached  this  stage,  and  for  a  few 
minutes  afterwards,  readings  of  all  three  thermometers  were  taken  at 
intervals  of  a  minute  or  two.  If  the  temperatures  were  subject  to  slight 
fluctuations,  which  was  often  the  cose,  a  laiger  number  of  readings  was  taken 
and  the  average  obtained. 

The  pressure  of  the  wire-drawn  steam  was  raised  step  by  step  by  slightly 
closing  the  exhaust  valve,  and  the  process  of  taking  temperature  readings  was 
repeated  at  each  step  ;  by  plotting  the  results  with  pressures  as  abscisate  and 
temperatures  of  the  superheated  steam  as  ordinates,  a  "  oooling  curve  "  could 
be  drawn  over  which  the  total  heat  remained  constant  except  for  the  very 
slight  corrections  before  mentioned. 

By  repeating  the  experiments  with  various  boiler  pressures,  a  series  of 
"  cooling  curves  "  or  "  constant  total  heat  curves  "  graphically  representing  the 
law  sought,  was  obtained. 

Whenever  commencing  an  experiment,  if  the  apparatus  was  at  all  wet,  it 
was  necessary  to  allow  steam  to  blow  through  it  for  a  long  time,  10  or  15 
minutes,  to  completely  dry  that  part  which  was  to  contain  only  superheated 
steam,  for  it  was  found  that  even  when  the  superheat  was  as  much  as  60°  C, 
a  considerable  time  was  necessary  for  this  purpose,  as  was  evinced  by  the  slow 
rise  in  the  thermometer  reading.  It  was  also  necessary  to  be  careful  not  to 
raise  the  pressure  of  the  superheated  steam  too  rapidly  or  by  too  great  steps, 
especially  when  the  amount  of  throttling  was  not  veiy  great,  as  the  heat 
capacity  of  the  apparatus  might  be  sufdcient  to  cause  condensation  to  take 
place,  and  the  progress  of  the  experiment  be  considerably  delayed  in 
consequence. 

The  steam  was  obtained  from  locomotdve  boilers ;  in  the  earlier  experiments 
one  working  up  to  a  pressure  of  80  lbs.  per  square  inch  was  used,  but  later 
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the  apparatus  waa  connected  to  the  crown  of  a  somewhat  larger  boiler — crated 
at  10  hotse-power — working  np  to  200  Ibe.  per  square  inch,  with  which,  owii^ 
to  its  capacity,  it  was  maob  easier  to  maintain  the  steam  pressure  constant 

The  boilers  were  sometimes  filled  with  soft  water,  sometimes  with  bard 
water,  either  by  means  of  an  ii^ector  or  a  pump,  but  no  difference  in  the 
results  was  ever  traced  to  these  chaises.  On  getting  up  steam,  the  cocks  of 
the  water  level  gauges  were  left  open  for  some  time  in  order  to  get  rid  of  air 
from  the  steam  spaca  It  was  impossible  to  maintain  the  boiler  pressure 
constant  if  stetun  was  being  taken  from  the  boiler  in  any  quantity  for  any 
other  purpose,  or  when  the  boiler  was  being  filled,  so  thet  experiments  were 
only  carried  out  when  steam  waa  not  wanted  elsewhere,  and  between  boiler 
fillings.    One  filling  often  sufficed  for  two  complete  experiments. 

With  a  abort  well  la^;ed  connecting  stem  between  the  boiler  crown  and  the 
apparatus — about  9  inobee  of  ^-ioch  steam  pipe  and  valve — the  resulta,  which 
f^reed  fairly  well  with  those  published  by  Mr.  Grindley,  were  obtained,  though 
the  fall  of  temperature  before  the  gaseous  condition  was  reached,  was  not 
quite  so  great.    This  was  before  the  separator  was  constructed. 

The  fallowing  brief  account  of  alterations  made  at  various  times  gives 
some  idea  of  how  the  apparatus  was  gradually  improved,  and  how  the 
"cooling  curves"  or  "constant  totsJ  heat  curves"  obtained  were  thereby 
raised  in  greater  or  less  steps  until  no  part  lay  on  the  saturation  curve,  i«., 
the  curve  connecting  temperature  and  [nessure  of  saturated  steam. 

The  length  of  connecting  steam  pipe  on  the  low-pressure  boilnr  wsjj  reduced 
until  the  lower  flange  of  the  apparatus — which  was  afterwards  replaced  by 
the  separator  and  is,  therefore,  not  shown  in  the  figures — was  as  close  as 
possible  to  the  boiler  crown,  the  valves  between  the  apparatus  and  the 
boiler  being  removed.  This  was,  of  course,  inconvenient,  since  no  change 
could  be  made  in  the  apparatus  except  when  the  boiler  was  cold,  but  the 
results  thus  obtained  were  only  lacking  in  that  they  covered  so  small  a 
range. 

On  the  high-pressure  boiler  it  was  impracticable  so  to  shorten  the 
connecting  pipe;  it  was,  however,  made  as  short  as  possible,  but  it  was 
then  found  that  the  removal  of  the  steam  valve  allowed  steam  to  pass 
wetter  than  before,  showing  that  the  valve  must  have  been  acting  to  some 
extent  as  a  baffle,  caumng  separation  of  moisture. 

Until  these  changes  were  tried  it  was  by  no  means  realised  how  much 
the  results  might  be  vitiated  by  quite  a  short  length  of  well  li^ged 
connecting  stem. 

This  fact  explained  to  a  large  extent  the  cause  of  the  difficulties  met 
with  earlier,  and  has  also  an  important  bearing  on  the  use  of  throttling 
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oalorimeters  generally,  since  in  most  cases  wetness  most  be  produced  from 
this  cause  in  the  instmmeots  tbemseWes,  before  throttling  takes  placa 

The  separator  was  then  constructed  and  placed  on  the  high-pressure 
boiler,  and  the  calorimeter  placed  directly  on  its  ciown.  Up  to  this  time 
the  steam  pressure  was  read  from  a  test  gauge  fitted  on  the  boiler,  but 
.afterwards  it  was  derived  from  a  temperature  reading  as  previousljr 
described. 

The  glass  cylinder  inside  the  separator  was  also  found  to  be  an  improve- 
ment ;  this  was  most  probably  due  to  the  fact  that  the  separator  being  of 
massive  construction  and  unlagged,  condensed  a  large  amount  of  steam, 
and  that  portion  of  the  water  thus  formed  on  the  upper  fiange  nuned  into 
the  drying  steam,  unless  prevented  by  the  glass  cylinder. 

The  wire  gauze  just  above  the  orifice  was  put  in  the  apparatus  on  first 
constructii^  it,  but  having  on  one  occasion  been  accidentally  omitted,  it 
was  found  that  its  absence  might  cause  under  the  most  unfavourable  condi- 
tions as  much  as  7^  C.  fall  in  temperature  as  measured  by  the  diermometer, 
although  the  higher  parts  of  the  thermometer  podcet  were  at  a  much  higher 
temperature. 

This  was,  no  doubt,  accounted  for  by  the  fact  that  the  fall  strength  of 
the  steam  jet  from  the  orifice  impinged  directly  on  the  base  of  the  pocket, 
but  a  little  further  on  the  velocity  had  naturally  died  out  to  a  great 
extent. 

The  heat-iuBulating  steam  joints,  made  by  means  of  asbestos  washers, 
viddh  were  inserted  between  that  part  of  the  apparatus  containing  the 
superheated  steam  and  the  colder  leading  away  pipes,  formed  the  last 
improvement  made  in  the  constmction  of  the  apparatus. 

Fig.  3  gives  cooling  curves  obtained  at  various  stages  during  the  experi- 
ments. Curves  1  and  2  show  the  sum  of  the  errors  caused  by  absence  of 
gauze  and  radiation  loss  from  a  short  length  of  well  lagged  coouecting  stem 
— 4bout  5  inches;  1  was  obtained  using  the  separator  and  gauze,  2  was 
obtained  before  the  separator  was  added,  and  without  gauze  in  the 
apparatus ;  in  each  case  the  boiler  pressure  was  190  lbs.  per  square  inch. 

Curves  3  and  4  were  both  obtained  with  boiler  preesure  109 ;  Curves  6 
and  6  both  with  boiler  pressure  40  lbs.  per  square  inch.  3  and  6  were 
obtained  with  the  throttling  calorimeter  on  Uie  crown  of  the  separator, 
whereas  4  and  6  were  obtained  without  the  separator,  and  show  the 
vitiating  efiiect  dne  entirely  to  having  a  connecting  steam  pipe  between  the 
dry  steam  supply  and  the  orifice,  although  this  pipe  was  short  and  well 
lagged. 

The  apparatus  having  now  been  perfected  as  Jar  as  possible,  a  complete 


d  by  Google 


1905.]  Specific  Heat  of  SuperJieated  Steam.  195 

Fio.  3. 


--' 

--i 

=*^ 

' 

--^ 

^' 

- 

;--= 

1 

^ 

r' 

,? 

" 

s 

L-- 

-^ 

C- 

-;:: 

:'-'' 

,p 

i- 

^ 

..-- 

.•-' 

>] 

'..- 

.e'"" 

f 

■>^ 

/ 

s^ 

^'^ 

l- 

f 

< 

/ 

f 

! 

a«( 



L- 











B— 

_ 

o~ 



_ 



X) 

_ 

Pressure    In    lbs.  per  square    inch  AbsoluCe. 

new  series  of  experimeDts  was  cturied  oat,  the  correoted  resulta  of  which 
are  given  in  Table  L  The  cooling  curves  obtained  by  plotting  these  reeulte 
are  shown  in  fig.  4 

Before  proceeding  to  the  discussion  of  the  curves  it  will  be  well  to  notice 
the  probable  and  possible  corrections.  Experiments  were  made  to  furnish 
the  necessary  data  for  the  calculation  of  the  correction  due  to  the  energy  of 
motion  of  the  steam.  The  quantity  of  steam  passing  per  minute  under 
the  various  conditions  existing  during  the  experiments  was  determined  by 
condensing  all  the  steam  passed  during  two  or  three  minutes,  and  weighing 
the  water  thus  formed.  This  quantity  did  not  diminish  appreciably  until  the 
pressure  of  the  wire-drawn  steam  was  about  half  that  of  the  boiler  steam,  but 
as  the  pressure  of  the  wire-drawn  steam  was  still  further  increased,  the 
quantity  steadily  diminished. 

The  maximum  flow  was  0*35  lb.  per  minute.  This  occurred  with  each 
of  the  three  orifice  discs  under  the  nuLTitimm  boiler  pressure  to  which 
each  was  subjected,  when  the  low-pressure  nde  of  the  disc  was  atmospheric. 
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Hie  area  of  the  steam  passage  by  the  thermometer  pocket  was  0*32  square 
inch. 

Assuming  the  maximum  specific  volume  of  steam  met  with  in  the  course 
of  the  experiments — namel/  at  320°  F.  and  at  atmosfdieric  pressure^to  be 
30,  the  heat^mvalent  of  the  kinetic  enei^  of  the  steam,  at  the  point 
wheie  the  temperature  of  the  throttled  st«am  was  taken,  never  exceeded 
0'15  beat  unit  under  the  most  unfavourable  conditions  experienced,  if  the 
eddies  in  the  steam  were  overcome  in  a  reasonably  satisfactory  manner  by 
the  use  of  the  gauze,  and  this  correction  always  falls  off  rapidly  as  the 
pressure  of  the  wire-drawn  steam  is  increased,  since  the  specific  volume  is 
thereby  diminished. 

The  kinetic  energy  of  the  steam  on  the  h%h-pressure  side  of  the  disc  is  of 
a  much  inferior  order  and  may  he  totally  n^lected. 

Conduction  and  radiation  were  combated  by  the  special  design  of  the 
apparatus,  and  the  sum  of  all  possible  errors,  due  to  causes  juat  enumerated, 
was  shown  to  be  constant  and  therefore  most  probably  inappreciable,  by  the 
fact  that  similar  curves  were  obtained  by  the  use  of  orifices  of  different 
sizes,  which  of  course  allowed  different  quantitieB  of  steam  to  pass,  thus 
chatting  the  relative  importance  of  the  various  errora  For  examples  of 
this  see  curves  A  and  B,  fig.  4.  In  each  of  these,  difTeient  ports  of  the 
curves  were  obtained  by  different  sized  orifices  (see  table),  but  the  over- 
lapping parte  coincide. 

The  change  of  total  heat  during  free  expansion  due  to  the  neglecting  of  the 
energy  existing  in  the  water  at  32°  F.  in  the  estimation  of  the  total  heat, 
thou^  slight,  is  perfectly  definite,  and  corrections  have  been  made 
accordingly  before  proceeding  to  calculation  of  the  specific  heat  Since  this 
correction  «(^  —  p^)/ J  is  to  be  expressed  in  British  thermal  units,  s{p^  ~p^ 
must  of  course  be  in  foot-lbs.,  therefore  pi  and  p^  must  be  the  pressures  in  Ibe. 
per  square  foot,  and  *  most  be  0'016,  the  volume  of  1  lb.  of  water  in  cubic 
feet 

On  examination  of  the  set  of  curves  in  fig.  4  it  is  seen  that  they  are 
practically  stra^ht  lines,  not  quite  parallel,  but  becoming  slightly  more 
horizontal  with  higher  initio  preesures. 

However,  it  appears  that  if  steam  ever  exists  as  a  perfect  gas,  it  is  only  at 
tmnperatures  completely  outside  the  range  of  these  experiments,  for  the 
constant  total  heat  curves  would  then  be  borizontaL 

Although  no  pressures  below  that  of  the  atmosphere  were  ever  used  In  the 
experiments,  yet  the  corves  have  been  piodneed  to  tiie  line  of  zero  pressure, 
as  there  is  no  reason  to  suppose  that  the  character  of  the  corves  suddenly 
changes  in  this  short  length,  in  fact  it  was  proved  by  Mr.  Grindley's 
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Table  1 — eontirmed. 
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experiments  that  the  character  does  not  so  change  when  the  steam  is  throttled 
down  to  a  pressure  of  2  or  3  lbs.  per  square  inch  absolute. 

The  maximum  boiler  pressure  available  was,  as  previously  stated,  200  lbs. 
per  square  inch ;  however,  if  a  pressure  of  336  lbs.  absolute  had  been 
available,  which  is  ^e  maximum  value  given  in  Begnanlt'a  tables,  and  is 
therefore  the  limiting  pressure  by  methods  based  on  his  figures,  the  upper 
limit  of  fig.  4  would  only  have  been  altered  by  a  very  small  amount,  since  the 
additional  total  beat  of  saturated  steam  corresponding  to  this  increase  of 
pressure,  is  only  12'5  units. 

From  fig.  4,  Table  II  has  been  constructed,  showing  the  connection  between 
total  beat  accordii^  to  Renault— corrected  by  the  slight  change  in  the  total 
heat  that  iakea  place  during  free  expansion  as  explained  earlier — and 
temperature  at  constant  pressure  for  various  pressures,  and  the  results 
contained  in  this  table  are  represented  graphically  in  fig.  5. 

The  slope  of  the  curves  in  %.  6  gives,  then,  the  specific  heat  of  steam  at 
constant  pressure,  according  to  the  author's  experiments,  based  on  £egnault's 
tables  of  the  total  heat  of  saturated  steam.  It  will  be  noticed  that  where 
two  or  more  curves  cross  the  same  ordinate,  the  slope  is  about  the  same  for 
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each,  therefore,  as  far  aa  can  be  judged  from  theae  experimente,  the  specific 
heat  of  superheated  steam  is  independent  of  pressure. 

Table  III  gives  the  relation  between  specific  heat  and  temperature  as 
derived  from  the  curves  in  fig.  5,  and  fig.  6  shows  this  relation  graphicallf, 
ordinates  representing  specific  heat,  and  abscisste  representing  temperatures. 
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Table  II. 
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T&ble  III  also  contains,  for  compariBon's  sake,  the  values  of  the  Bpecifio 
heat  given  by  Grindlej,  whoee  reaulta,  also,  are  dependent  on  fiegnault's 
tables.  It  will  be  at  once  apparent,  on  comparing  the  results  given  in 
Table  III,  that  thej  agree  faii-lj  well  over  that  part  of  the  range  common  to 
both,  showing  that  a  considerable  error  in  the  cooling  curves  does  not 
necessarily  vitiate,  to  any  great  extent,  the  value  of  the  final  deductions 
with  regard  to  the  value  of  the  specific  heat. 
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Table  HI. 


Present  experimente. 

Grindley's  results. 

Temperature. 

Specific 

Temperatures 
between  which 
mean  specific 
heat  is  talieD. 

Mean 
specific 
heat.* 

(K,). 

230 
240 
260 
280 
300 
320 
3« 
360 

0-43 
0-44 
0-47 
0-53 
0-61 
0-75 
0-91 
1-00 

230-7— 246-6 
246-6—260-8 
260-8—269-7 
269-7—296-0 
295-0-311-6 

0-4317 
0-4778 
0-5152 
0-6646 
0-6482 

The  apparent  rapid  increase  of  specific  heat  with  temperature  to  values  far 
bejond  any  obtained  by  any  other  experiments  known  to  the  author,  led  bini 
to  sospect  the  accuracy  of  liegnault's  tables,  and  caused  him  to  return  to  the 
direct  heating  method  as  mentioned  earlier,  with  the  hope,  also,  of  getting 
results  for  higher  temperatures  than  were  possible  by  the  throttling 
e3q>eriments. 

The  existing  apparatus  was  altered  as  follows,  so  as  to  be  able  to  be  used 
in  the  new  experiments.  The  orifice  disc,  and  most  of  the  gauze  above  it, 
were  removed ;  the  tube  which  led  to  pressure  gai^e,  p^  and  to  the 
thermometer  which  gave  the  corresponding  saturation  temperature)  was  also 
taken  away,  and  the  broken  joint  plumed  up. 

The  ateam,  instead  of  blowing  into  the  atmosphere,  was  led  through  a 
surface  condenser,  consiBting  of  one  long,  straight  tube,  inside  and  concentric 
with  a  larger  one,  through  which  cold  water  circulated,  and  then  into  one  or 
two  glass  flasks,  also  immersed  in  cold,  circulating  water ;  these  flasks  could 
be  removed  easily  from  time  to  time,  and  weighed,  and  by  wei^iing  one  of 
the  flasks  while  the  other  was  filling,  the  experiment  could  be  made  quite 
continuous  during  a  time  sufficient  to  collect  Bevei-al  flasks  full  of  condensed 


The  straight  tube  surface  condenser  cooled  the  steam  suMciently  to  allow 

*  Ab  deduced  on  the  uanmption  that  Begn&nlt'a  valaes  of  the  total  heat  of  eatimted 
iteuo  m&;  be  accepted  as  correct. 
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the  flaak  to  be  open  to  the  atmosphere  without  losing  ateam  by  leakf^,  and 
hence  the  condenser  was  always  at  atmospheric  pressure. 

The  electriu  heater  was  made  of  No.  24  German-silver  wire,  wound  in  coils 
on  email  glass  tubes,  the  whole  being  enoloeed  in  a  glass  tube  1  inch  in 
diameter  and  8  inches  long;  this  tube  was  placed  in  the  centre  of  the 
separator,  with  ite  upper  edge  placed  against  the  asbestos  washer,  where  the 
orifice  disc  was  originally,  so  that  all  the  steam  passing  through  the  apparatus 
was  compelled  to  pass  over  the  heater.  Before,  however,  the  steam  could 
reach  the  heater  from  the  separator,  it  was  compelled  to  pass  along  two 
concentric  passages,  which  enclosed  the  tube  containing  the  heater ;  by  this 
means  it  was  soi^;ht  to  avoid  loss  of  heat  by  radiation,  the  steam  coming  in 
towards  the  heater  taking  with  it  the  heat  wliich  was  being  radiated  to  the 
walls  of  the  passages. 

The  electric  current  was  led  to  the  heater  by  two  stout  brass  conductors, 
which  passed  through  the  cast-iron  base  of  the  separator,  and  were  insulated 
therefrom  by  conical  slate  plugs  let  into  the  iron. 

The  room  available  for  the  heater  was  unfortunately  very  small,  and  the 
wires  were  in  consequence  crowded  rather  closely  tc^tber,  with  the  reeult 
that  in  one  or  two  instances,  when  very  hot,  failure  of  the  apparatus  was 
caused  through  short  cirooits. 

The  input  of  electrical  energy  was  measured  by  means  of  an  ammeter  and 
volbneter,  which  were  calibrated  from  time  to  time  on  a  Crompton  potentio- 
meter, and  the  necessary  corrections  applied  in  the  calculations. 

Mercury  thermometers  were  used  as  before,  reading  in  degrees  Centigrade, 
but  reading  to  higher  temperatures,  the  corrections  at  these  b^er  tempera- 
tures were  found  to  be  surprisingly  large ;  the  calibration  of  the  thermometen 
was  a  outter  of  considerable  difficulty,  they  were,  however,  compared  with 
the  standard  platinum  resistance  thermometer  mentioned  earlier.  The  com- 
parison was  made  by  immersing  the  thermometers  in  cylinder  oil,  heated  by  a 
gas  flame  and  stirred  by  means  of  a  small  motor.  This  method  of  comparing 
thermometers  in  a  weU-stirred  fluid  appeared  to  be  the  only  satisfactory  one 
am  01^  many  attempts. 

It  was  found  impossible  to  entirely  eliminate  radiation  losses,  and  after  a 
few  preliminary  experiments,  the  method  of  procedure  was  to  aim  at  keeping 
steady  the  temperatures  of  the  steam  before  and  after  heating,  and  then  as 
quickly  as  poesible  to  obtain  the  connection  between  grammes  of  steam 
passing  per  minute  and  watts  required  to  maintain  this  constant  difference 
of  temperature,  this  being  done  for  several  rates  of  flow  of  steam  differing 
over  a  considerable  range.  The  connection  between  grammes  per  minute 
passing  and  the  inpnt  of  electrical  ene^y  in  watts,  for  a  definite  temperature 
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rise,  was  then  plotted  on  squared  p&per ;  the  pointe  thus  obtained  would  lie 
on  a  straight  line,  which,  however,  did  not  pass  through  the  origin,  bat  cnt 
the  axis  of  watts  at  a  height  corresponding  to  the  radiation  loss  expreeeed  in 
watts.  From  the  slope  of  the  curve,  or  the  increase  of  watte  necessary  to 
maintain  a  given  temperature  rise  when  a  definite  increase  in  the  flow  of 
ateam  took  place,  the  specific  heat  of  superheated  steam  at  constant  pressure 
could  be  calculated  by  the  formula 

Electrical  input  in  watts  x  0'236 

^~  Grammes  of  steam  passing  per  second  x  temp,  rise  °  C 

In  practice  it  was  found  impossible  to  so  adjust  the  watts  that  the 
temperature  rise  was  constant  throughout  any  one  series  of  experiments 
on  account  of  the  time  necessary;  the  watte  were  rapidly  adjusted  however 
to  produce  a  rise  as  near  as  possible  to  the  one  aimed  at,  and  then  the  watts 
were  corrected  for  this  particular  temperature  rise  on  the  assumption  that 
for  such  slight  differences  in  temperature  the  rise  was  directly  proportional 
to  the  watte.  Even  then  a  considerable  time  was  required  for  all  the 
conditions  to  become  steady  before  every  point  obtained. 

The  difficulty  of  keeping  all  the  conditions  constant  during  the  loi^  time 
necessary  for  a  complete  set  of  pointe  was  always  considerable,  many  of  the 
experiniente  being  spoilt  through  failure  of  one  condition. 

Table  IV  gives  the  data  obtained  in  a  few  characteristic  experimenta,  and 
Table  IV. 


initial 

Mmh 

RiMin 
'0. 

Watte. 

Wrttoto 
riteof- 

otitaun 
parmin. 

K,. 

<31°) 

112-8 

lM-2 

SI -4 

84-8 

84-4 

20-1 

1 

lu-a 

l«3-4 

30-8 

88  1 

887 

67-2 

\   0-473 

1117 

143-6 

80-9 

96-1 

96-4 

79  1 

J 

117-6 

182 -a 

66-1 

76-6 

K 

23-9 

1 

117 -fl 

182  7 

66-1 

160-4 

160-2 

647 

y    0-462 

U7-4 

183-1 

667 

211-6 

209-8 

86 -0 

1 

102-7 

196 -S 

93-0 

106-6 

(96°) 
106-1 

26-4 

103 -7 

197-8 

96-1 

109-6 

109-4 

26-6 

102  7 

198-6 

96-9 

168-6 

163-1 

40-9 

■  0-468 

103 -6 

199-6 

96-9 

300 -6 

196-6 

66-1 

i<a7 

196-8 

98 -6 

200-6 

203-6 

67-1 

1027 

2007 

98-0 

286-0 

227-8 
(120^ 

66-4 

178-0 

289-6 

116-6 

184-8 

138-8 

18-0 

1 

173  ■» 

2987 

120-8 

367-0 

266-6 

47-8 

l  0-469 

172-6 

297-0 

124-6 

872-0 

868-3 

68-8 

J 

d  by  Google 


204    Determitiation  of  the  Specific  Heat  of  Superheated  Steam. 

the  resulting  value  of  the  specific  heat  thus  obtained.  The  connection 
betveen  watts  and  flow  for  a  definite  rise  ta  temperature  is  also  shown 
graphically  in  fig.  7  for  the  same  experiments. 
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Kumerous  experimeuts  were  carried  out,  but  the  results  varied  too 
much  amongst  themselves  to  allow  any  conclusions  to  be  drawn  as  to  the 
manner  in  which  the  specific  heat  may  vary  with  pressure  or  temperature, 
except  that  any  such  variation  must  be  small,  and  by  no  means  of  the  order 
indicated  by  the  results  of  the  throttling  experiments  based  on  Begnanlt's 
tables. 

The  mean  of  all  the  results  gave  K,  =  0*43,  but  the  author  believes  that 
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the  value  0'46  is  mure  accmnte,  this  beiiig  the  average  of  the  values  obtaised 
in  the  most  satisfactory  experiments. 

The  experiments  were  all  carried  out  in  the  Engineering  Laboratory  of 
Cambridge  Universi^,  and  the  author  is  indebted  to  Professor  Ewing,  F-RS., 
for  mncfa  kindly  advice  and  enconrt^ment  given  during  the  course  of  ^le 
research. 


On  the  Distribution  of  Velocity  in  a  Viscous  Fluid  over  the 
Cross-Section  of  a  Pipe,  and  on  the  Action  at  the  Oriticai 
Velocity. 

By  John  Mobeow,  M.Sc  (Vict.),  MJEng.  (Liverpool),  Lecturer  in 
EDgineering,  University  College,  BristoL 

(Communicated  by  Profeeeor  H.  S.  Hele-Shaw,  F.R.S.    Received  March  3,— Read 
March  30,  1905.) 

1.  Introduction, — An  expression  for  the  velocity  at  which  stream-line 
motion  breaks  down  in  cylindrical  pipes  has  been  obtained  by  Osborne 
Reynolds,*  and  tc^ther  with  many  others  he  has  measured  the  fall  of 
pressure  occurring  in  different  lengths.  Lord  Eelvin,t  Lord  Rayle^h,t  And 
Reynolds!  hf^^^  investigated  the  stability  of  different  kinds  of  flow  for 
viscous  and  non-viscous  fluids,  but  how  nearly  the  theoretical  conditions  of 
velocity  distribution  actually  occur  has  not  hitherto  formed  the  subject  of 
researdi.  Experiments  have  often  been  made  on  the  variation  of  mean 
linear  velocities  in  the  eddying  state,  but  when  the  motion  is  irrotational, 
these  are  too  low  to  admit  of  accurate  measurement  by  any  method  so  far 
employed. 

The  objects  of  the  present  paper  are  to  determine  these  velocities,  to 
investigate  the  change  which  takes  place  at  the  critical  velocity,  and  to  find 
the  relation  between  the  velocity  and  the  pressure  to  which  it  gives  rise  in 
a  "  Pitot "  gauge  of  the  form  used. 

The  research  has  become  possible  chiefly  through  the  aid  of  an  exceedingly 
delicate  Jiressure  gauge  recently  designed  by  my  colleagues  Professor 
A.  P.  Chattock  and  Mr.  J.  D.  Fry.  I  am  indebted  to  both  these  gentlemen 
for  much  valuable  advice. 

*  'PhiL  TnuiB.,'  1883,  Part  111,  p.  930. 

t  '  Phil.  Uog.,'  August,  1887. 

X  '  Phil.  Mag.,'  July,  169S,  etc 

§  '  PUL  TnuM.;  A,  189G,  voL  186,  p.  123. 
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Oebome  Reynolds  has  shown  that  in  parallel  channels  there  are  two 
limits  to  stieam-line  flow.  The  lower  one  is  the  velocity  at  which  motion, 
originally  eddying,  will,  when  left  to  itself,  settle  down  into  atream-line 
motion,  and  the  upper  limit  is  that  at  which  the  motion  of  a  fluid,  originally 
at  rest,  traversii^  a  pipe  in  an  unstable  stream-line  condition,  suddenly 
breaks  down  into  the  eddyii^  or  turbulent  state. 

The  variation  of  the  lower  limit  with  change  of  temperature  baa  been 
further  investigated  by  Coker  and  Clement,*  and  similarly  that  of  the  upper 
limit  by  Barnes  and  Goker.t  The  present  paper  deals  with  the  lower  limit 
of  stream-line  flow,  and  the  term  "  critical  velocity  "  is  used  in  that  sense 
throughout. 

2.  Seseription  of  the  Apparatus, — In  an  earlier  apparatus  the  pipe  was 
about  2'5  cm.  in  diameter  and  the  Fitot  tube  20  cm.  long.  There  was 
danger  of  the  Pitot  tube  bending,  the  velocity  distribution  was  not 
symmetrical,  and  the  temperature  effects  were  cou8iderabI& 

In  the  new  apparatus  the  pipe  was  of  glass,  5-088  cm.  in  diameter.  It 
was  arranged  with  a  bell-mouth  in  the  entrance  chamber,  so  that  the  water 
should  enter  under  circumstances  conducing  to  steadiness  of  flow,  and  by 
means  of  a  fine  tube  a  stream  of  colonr  could  be  admitted  to  indicate  the 
nature  of  the  motion.  The  water  was  supplied  from  the  hydraulic  installa- 
tion at  University  College,  Bristol,  and  there  was  no  other  discharge  from 
the  mains  while  the  experiments  were  in  prepress. 

The  Fitot  and  static  head  tubes  are  shown  in  ^.  1,  D  being  a  brass  pipe 
in  continuation  of  A.  To  insure  accuracy  in  the  motion  of  the  Pitot  tube, 
p,  it  was  carried  by  a  rigid  rectangular  framework  composed  of  a  tube  qq,  a 
rod  rr,  and  two  cross-pieces  E  and  F.  The  guides  in  which  this  frame  slides 
are  two  short  tubes  G  and  H  and  the  longer  one  KL,  and  to  these  are 
attached  the  cross-piece  M  and  scale  S. 

Thus,  by  turning  the  screw  R,  the  Fitot  may  be  travereed  across  the  pipe, 
its  exact  position  being  indicated  by  the  reading  on  the  scale  opposite  an 
index  on  F. 

The  static  head  tube  is  at  Q,  a  hole  being  drilled  in  the  side  of  the  glass 
pipe.  A  connection  to  gq  would,  therefore,  give  the  pressure  due  to  the 
velocity  and  static  head  combined,  whilst  one  to  Q  would  give  the  static 
head  only. 

The  two  passages  from  the  Pitot  tube  pass  to  one  end  of  a  reversing 
device,  the  other  end  of  which  is  in  communication  with  the  static  head  tuba 
The  two  sides  of  this  circuit  are  connected  to  the  limbs  of  the  pressure 


'  PhU.  Trana.,'  A,  vol.  801,  pp.  46—61. 
'Boy.  Soc.  Proa,'  toI.  74,  p.  341. 
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gange.  Bj  this  meaos  (1)  the  static  head  can  be  brought  to  odo  side  of  the 
gauge  and  Uie  Pilot  tube  to  the  other ;  (2)  the  anangement  may  be  reversed ; 
or  (3)  the  gauge  may  be  short  circoited  on  itself. 

It  was  found  useful  to  be  able  to  damp  the  slight  oscillations  oocurring 
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at  some  velocities  in   the  pressure  gauge.    For  this  purpose  a  smallfair 
chamlier  and  two  constricted  passages  were  provided.    The;  could  be  cut 
out  of  the  circuit,  and  were  only  used  for  verifying  previous)  observations. 
Fig.  2  is  a  general  view.    It  will  be  seen  that  the  discharge  took  place 


i,«b,  Google 


208        Mr.  J.  Morrow.     On  the  Distribution  of  Velocity  [Mar.  3, 

into  a  tanV  at  the  eod  of  the  pipe,  and  from  there  the  water  passed  to  waste 
by  an  overflow. 

The  whole  appaiatne  ie  carried  on  a  stout  timber  base,  the  pipe  and  its 
attachments  at  each  end  being  very  carefully  centred  so  aa  to  ensure  a 
mazimnm  and  symmetrical  flow. 


Flo.  2. 


3.  Mmtaremeni  of  presfure,  discharge,  and  temperature. — ^The  pressure 
gauge  is  of  the  Chattock-Fry  differential  type,  and  in  construction  is  very 
similar  to  that  in  use  at  the  National  Physical  Laboratory.*  As  employed  in 
this  research,  however,  it  depended  for  its  action  on  the  difference  in  density 
of  two  liquida 

From  fig.  3  it  will  be  seen  to  consist  essentially  of  a  U-tnbe,  of  which  lb 
are  the  arms  and  aa  the  horizontal  connection.  The  two  parts  of  aa  meet 
in  the  chamber  0,  and  the  fluid  pressure  is  applied  at  CC.  The  tubes  aa 
and  the  lower  portions  of  hi  contain  cerbon-tetra'chloride,  whilst  the  upper 
portions  of  hb  and  the  chamber  0  are  filled  with  water.  A  meniBona 
surface  of  separation  is  shown  at  s,  and  the  manipulation  of  the  gai^  con- 
sists in  keeping  the  surface,  viewed  through  the  microscope  M,  absolutely 
unaltered  in  position.  This  is  done  by  taming  the  graduated  disc  of  the 
screw,  and  so  tilting  the  gauge  through  the  small  angle  necessitated  by  the 
variation  of  pressure  difference.  There  is  in  this  way  no  motion  of  the 
liquids  relatively  to  the  glass  tubes  which  contain  them,  and  hence  errors 
due  to  surface-tension,  refraction,  or  viscosity  are  entirely  avoided. 

The  pitch  of  the  screw  was  1  mm.,  and  on  the  circumference  of  the  disc 
were  200  divisions.  These  could  be  further  divided  by  a  vernier,  but  its  use 
was  abandoned  as  being  within  the  limit  of  sensitiveness  of  the  meniscus 
surface  and  miscroecope. 

*  See  Stanton,  <  Froc  Init.  CE.,'  vol.  166. 

D,gt,ze=byG00Qlc 


1905.]    in  a  Viscotu  Fluid  over  the  Cross-Section  of  a  Pipe.     209 
\.  3,  uid  B  the  reading  of  the 


A  and  B  being  the  dimensionB  shown  in 
screw,  the  pressure  difference  is  given  by 

fig.  a 

Pi-Pi  =  ip'-P)9^^ 
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A/B  was  found  to  be  1*038  and  (p'—p)  was  taken  from  measurement  on  a 
Westphalia  Balance  to  be  0-600  at  17"  C. 

To  obtain  the  mean  velocity  of  the  water,  it  was  necessary  to  measoie  the 
diflchai^.  This  waa  done  by  collecting  the  water  passing  through  the 
apparatus  in  a  given  time,  and  weighing  it  on  a  carefully-calibrated  spring 
balance  to  the  nearest  10  grammes.  The  temperature  was  obtained  by  a 
tbennometer  placed  in  the  end  tank  cloee  to  the  outlet  of  the  pipe.  ' 

4.  Method  of  making  the  Experiments. — In  determining  the  veloci^  distri- 
bution, experiments  were  made  with  the  Pitot  tube  in  various  positions, 
commencing  near  one  side  of  the  pipe  and  continuing  at  succesaive  points 
across  the  diameter,  the  water  running  coatinnoualy  while  a  complete  series 
of  observations  was  made.  The  temperature  was  noted,  and  the  discharge 
taken  as  the  mean  of  six  independent  measurements. 

The  following  waa  the  general  system  adopted  for  reading  the  pressures  :— 
For  any  position  of  the  Pitot  tube,  connection  with  the  pressure  gauge  was 
made  by  opening  the  tape,  t^e  gauge  was  adjusted,  and  the  readii^  taken. 
The  connections  were  then  reversed,  and  the  reading  taken.  To  eliminate 
errors  due  to  friction  or  surfiace-tension,  the  observation  waa  then  repeated  by 
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closing  the  tap  S,  setting  the  presauie  f^ge  to  the  previouBly  obtained 
reading,  reversing  the  connections,  and  then  re-opening  S.    This  was  con- 
tinned  until  there  was  no  apparent  motion  of  the  meniscus  surface.    The 
difference  between  the  two  readings  was  then  double  that  due  to  the  velocity 
of  the  stream  at  the  point   A  check  on  the  aocuracy  of  the  gauge  was  applied 
during  each  seriea  of  readii^    The  instrument  being  adjusted  when  short- 
oirouited,  its  zero  reading  was  taken.    The  pressure  due  to  the  velocity  was 
then  read  on  each  side  of  this  zero. 
In  the  earlier  experiments  errors  were  discovered  in  this  way,  and  found 
to  be  due  to  a  very  sl^ht  eccentricity 
Fia.  4.  of  the  point  of  the  screw.   Tests  were 

also  made  for  displacement  of  the 
surface  when  no  water  was  flowii^, 
and  occasionally  a  very  small  correc- 
f  tion  had  to  be  allowed.    This  was 

t attributed  to  slight  differences  of  tem- 
perature in  the  pass^es  leading  to 
the  gauge. 

I ^  y  5,  Dti«rminatioa  of  the  Pilot  Con- 

' itant. — If  a  tube  be  placed  in  a  stream, 

as  shown  in  fig.  4,  and  it  be  assumed, 
as  in  the  Bernoulli  Theorem,  that  the  flow  is  steady,  and  that  the  velocities 
of  consecutive  stream-linee  are  not  widely  different,  we  may  treat  the  fluid 
immediately  at  the  mouth  of  the  tabe  as  at  rest,  and  apply  the  theorem  as 
(hough  unimpaired  by  viscosity. 
The  piesBore  j>  in  the  atationaty  fluid  is  then  given  by 

for  this  is  the  pressure  in  the  adjoining  stream-tnbe,  where  the  velocity  is 
indefinitely  small.    The  formula  requires  experimental  verification.    Since 
the  pressure  must  be  proportional  to  pi^  we  may  in  all  cases  assume 
1    pt^ 

If  A  is  the  he^ht  above  that  due  to  the  static  head,  to  which  the  fluid  will 
rise,  the  velocity  of  the  stream  approaching  is 
V  =  k^iiffh), 
where  Jt  is  t^e  Pitot  constant  to  be  determined.    This  may  be  done  by  a 
comparison  of  the  gauge  readings  with  the  discbai^  from  the  pipe.    The 
total  flux  Q  is 

2wi   TV  dr, 
Jo 
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where  v  is  the  velocity  distant  r  from  the  centre,  and  a  the  radius  of  the  pipe. 
And,  since  v=t\/  (R)  where  U  ie  the  gauge  reading  and  c  a  constant,  we  may 
write 


Q  =  2ffc  ^r^{R)dr. 


To  determine  the  int^ral,  correa  were  plotted  having  r  as  absoissse  and 
r^(B.)  as  ordinatee.  The  areas  enclosed  by  the  curves  were  then  calculated 
by  the  method  of  ordinates,  and  the  values  obtained  used  for  finding  c,  and 
hence  the  Pitot  constant  k  An  example  ia  given  in  Table  I,  in  which 
i«adii^  were  taken  at  19  different  points  in  the  diameter  of  the  pipe. 

Table  I. 


'■ 

S^ 

S-OO. 

1-76. 

1-60. 

1-26. 

1-00. 

0-76. 

0-SO. 

0-8B. 

0  00. 

4-24 

7-07 

9-6S 
18-68 

11 -u 
18-81 

18 -OS 
16-10 

13-72 
13-78 

18-99 
9-7* 

18-26 

e-63 

18-44 

a-38 

18-68 
0-00 

Q- 69-8  0.C  par  wocmd.     t-1-05. 

The  second  line  in  the  table  contains  the  square  roots  of  the  means  of 
corresponding  readings  on  each  side  of  the  centre.  In  fig.  5  the  rt/(R) 
curve  shows  the  relative  fiux  throogh  different  elemental  tabes,  into  which 
we  may  suppose  the  stream  to  be  divided.  Its  area  was  obtained  from  the 
mean  of  83  ordinates.  The  i/CB.)  curve  is  proportional  to  that  of  velocity 
distribution.  The  mean  value  of  k  obtained  from  the  six  experiments 
described  in  the  next  section  is  1'04,  and  in  calculating  velocities  I  have 
adopted  this  constant  throughout.  The  number  may  be  compared  with  those 
recently  found  for  Mr,  namely,  1-03,  by  Dr.  T.  E.  Stanton*  and  0-974  by 
Mr.  R  Threlfall,  F.RS.t 

6.  Velocity  Curves  far  Different  Rates  of  Discharge. — Experiments  were  made 
at  six  rates  of  discharge,  the  curve  of  distribution  of  velocity  being  obtained 
in  each  case,  and  the  result  checked  by  comparing  the  mean  velocity  from  the 
Fitot  readings  with  that  obtained  from  the  actual  measurement  of  the 
discharge. 

The  critical  velocity,  as  determined  by  the  point  at  which  the  law  of 
velocity  disbibation  changed,  occurred  when  the  mean  was  about  4  cm. 
per  second  (this  being,  of  course,  the  velocify  at  which  stream-line  motion 
ceased  to  be  the  stable  fiow),  and  above  this  there  was  a  decided  change 
in  Uie  way  in  which  the  velocities  increased  with  an  increasing  discharge. 
»  'Proa  Inat  C.E.,'  vol.  166. 
-t  'Froo.  Inat  Mech.  Eng.,' 1901. 
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The  obaerred  readings  were  reduced  to  velocities  as  already  described,  aod 
these  are  given  in  Tables  II  and  IIL  The  r^CR)  corves  were  plotted,  aad 
the  valaes  of  k  determined. 

Fio.  s. 
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The  temperature  varied  between  17**  and  19°  C. 

Table  II. — ^Experiments  below  Critical  Velocity. 


Mean 
velocity  in 
centimetrea 
per  second. 

Telocity  in  centimetrea  per  second. 

Value  of 

0. 

0-6. 

1  00. 

1-60. 

2-00. 

2-26. 

1-436 

2-43 

2-39 

2-13 

1-86 

1-33 

0-78 

1-06 

2-196 

3-66 

3-46 

3-22 

2-88 

2-16 

1-17 

1-03 

2-986 

4-77 

4-67 

4-48 

3-96 

2-49 

1-60 

1-06 
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Table  III. — Experimenta  above  Critical  Velocity, 


Menu 
Telocity  in 
centimetres 
per  aecond. 

Velocity  in  centimetree  per  aecond 

Tslue  of 
k 

Kadii  in  centimetres. 

0. 

0-6. 

100. 

1-60. 

1-76. 

2-00. 

2-26. 

4-100 
5-373 
8-076 

6-13 
7-67 
10-67 

6-39 
7-61 
10-42 

6-12 
7-44 
10-26 

6-60 
6-93 
9-94 

6-14 
6-42 
9-38 

4-07 
6-63 
8-42 

2-48 
3-70 
6-30 

1-04 
1-02 
1-06 

The  curves  in  iig.  6  are  obtained  by  plotting  the  numbers  in  Uie  last  two 
tables.      They  show,  as  ordinates,  the  actual  velocity   of  the  stream  at 
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different  distanoee  from  the  centre  of  the  pipe,  the  figures  on  the  curves 
denoting  the  mean  Telocity  as  calculated  from  the  discharge. 

It  will  be  seen  that  below  the  critical  velocity,  the  curve  approximates  to  a 
parabola,  and  that  afterwards  there  is  a  gradual  chaise  ia  form  in  the  directioD 
of  a  xuiform  velocity  in  the  greater  part  of  the  pipe  with  a  sodden  fall 
to  zero  at  the  walls.  These  results  are  contrary  to  the  frequent  statement 
that,  when  the  oondittons  of  flow  change  from  stream-line  to  eddying 
or  rotational  motion  there  is  an  equally  sudden  change  in  the  law  of  distribu- 
tion of  linear  velocity  frem  the  parabolic  to  nearly  uniform  velocity  over  the 
cross-section. 

Fio.  7. 


cjttts.^w^r-  *ae. 


There  appears  to  be  no  slipping  at  the  walls  of  the  tube.  The  nature  of 
the  change  occnrrii^;  at  the  critical  velocity  is  exhibited  in  fig.  7,  in  which 
abscissa  are  mean  and  ordinatea  correeponding  actual  velocities  at  the 
dififereut  radii  marked  on  the  curves.  From  these  it  appears  that,  below  the 
critical,  the  velocity  at  any  fixed  p(Hnt  is  proportional  to  the  total  flux,  and 
may  be  expressed  approximately  by  the  formula 
V  =  (A-Br-K 
r  being  the  distance  from  the  axis  of  the  pipe,  Vq,  the  mean  velocity,  A  the 
ratio  of  maximum  to  mean,  and  B  and  n  constants.    In  this  case 


d  by  Google 


1905.]    in  a  Viscous  Fluid  otter  the  Cross-Section  of  a  Pipe.     215 

According  to  the  mathematicBl  theoiy  of  viaooaity*  the  anrface  graphically 
repreeentiag  the  distribatlon  of  velocity  is  a  paraboloid,  and  the  equation  is 
of  the  above  form,  but  having  the  constants 

A  =  2,        B  =  2/a*,        »  =  2. 

The  two  cases  are,  however,  not  strictly  comparable  for,  whilst  the  theory 
takes  no  account  of  terminal  conditions,  in  the  experiments  tiiese  are  of 
importance.  There  would  probably  be  accelerations  and  retardations  over  the 
cross- section,  tending  to  equalise  the  velocities  and  the  tubes  of  flow  would 
not  then  be  strictly  parallel  to  the  axis.  It  is,  I  think,  evident  that  the 
variation  of  the  curves  from  the  parabola  is  in  part  due  to  these  causes,  and 
in  part  due  to  the  fact  that  any  resistance  or  obstruction  across  the  pipe  also 
tends  to  equalise  the  velocities.  Beyond  the  critical  velocity  and  within  the 
very  narrow  limite  of  these  experiments  the  curves  in  fig.  7  are  approximately 
parallel  when  not  near  the  sides  of  the  pipa  At  these  low  velocities,  too,  the 
distribution  is  represented  roughly  by  the  equation 

V  =  2-20-0-36r^''+  A-04--^)«o. 

In  practical  calculations  in  Hydraulics  it  is  often  assumed  that  the  tangential 
resistance  per  unit  area  in  a  pipe  is 

ifn'. 

where  /  is  a  numerical  constant  depending  on  the  nature  of  the  surface. 
Accepting  this  as  an  expression  of  observed  facts,  Professor  Iamb  deduces  an 
interesting  conc]uBion.t  If  v  denote  the  mean  velocity  at  any  point,  we  have 
at  the  surface 

M  dv/dr  =  i/jWo'- 
Now  let  I  be  the  radial  distance  between  two  surfaces  moving  with  relative 
velocity  v^  in  the  regular  "  laminar "  flow    which  would  give  the  same 
tangential  stress,  and  we  find 

Id  the  experiments,  the  last  is  the  only  one  to  which  this  formula  can  be 
applied.  Thus  taking  n/p  =  0-0103,  /  =  0-005,  and  v„  =  8075,  we  have 
/  =  0*51  cm.  The  point  at  which  the  velocity  is  equal  to  the  mean  is  found 
from  flg.  6  to  be  almost  exactly  0*5  cm.,  an  agreement  which  is  remarkably 
close  for  an  approximate  method. 

Summary  and  Conduaiion. — The  results  may  be  briefly  summarised  as 
follows : — 

•  IadiVb  '  Hydrodynamics,'  p.  621. 

t  nnd.,  p.  674. 
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1.  The  experiments  provide  a  partial  confirmation  of  the  theoretically 
obtained  law  of  velocity  distribution,  but  show  tbat  this  diatribntion  can  only 
be  obtained  under  very  special  oouditions,  of  which  absolute  freedom  from 
obstructions  and  end  effects  are  important ;  and  hence 

2.  When  the  flow  ia  direct  and  stieam-Unes  exist,  the  velocity  distribution 
is  not  necessarily  exactly  that  which  may  be  described  as  characteristic  of 
"  normal "  flow. 

3.  At  the  critical  velocity  the  irrotational  straight  line  motion  ceases  and 
IB  followed  by  one  in  which  the  paths  of  the  particles  of  fluid  are  eddying  and 
tarbuleut.  The  law  of  distribution  of  mean  linear  velocity  parallel  to  the  axis 
simultaneously  changes  from  the  parabolic  (or  approximately  parabolic)  to  that 
typical  of  eddying  motion. 

4  The  critical  velocity  in  question  (being  that  at  which  eddying  motion 
ceases  to  be  transformed  into  direct  motion,  and  not  that  at  which  a  highly 
unstable  stream-line  motion  is  suddenly  disturbed),  is  not  accompanied  by  a 
sudden  change  in  the  velocity  parallel  to  the  axis  at  any  point  in  the  cross- 
section.  On  the  other  hand,  as  the  total  flux  increases,  the  experiments  show 
a  gradual  transition  from  one  state  to  the  other,  due  to  the  change  which  haa 
occurred  in  the  law  of  velocity  distribution. 

5.  The  observations  have  little  bearing  on  the  upper  limit  of  stream-line 
flow,  as  observed  by  colour  bands.  They  indicate,  however,  that  the  unstable 
direct  motion  would  follow  an  approximately  parabolic  law  of  velocity 
distribution  (as  represented  by  the  equation  obtained  for  stream-line  motion) 
and  that  at  the  higher  critical  velocity  this  distribution  would  suddenly 
change  to  that  represented  by  the  equation  given  for  eddying  motion.  In  this 
case  then,  instead  of  a  gradual  change  of  velocity,  there  would  actually 
be  sudden  and  large  changes  in  the  velocity  parallel  to  the  axis  at  different 
points  in  the  cross-section  of  the  pipe. 

6.  The  "  Pitot  Law "  (v  =  i/^ffh),  is  at  least  approximately  true  at 
exceedingly  low  velocities. 

In  conclusion  I  must  mention  my  indebtedness  to  Professor  R  M.  Ferrier 
for  his  uniform  kindness  during  the  progress  of  the  work,  and  for  allowii^ 
portions  of  the  apparatus  to  be  constructed  in  the  workshops  of  the  Gollega 
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■  Dynamics  of  Development,  including  the  Microscopy  of  the 
Image. 

By  S,  E.  Shkppard,  B.Sc.,  and  C.  K  K.  Mkks,  RSc. 

(Communicated  by  Sir  William  Bamsay,  K.C.R,  F.R.S.    BeceJved  March  26,— 

Bead  March  30,  1905.) 

[Plam  4.] 

The  inTBatigation  of  development  described  in  a  previoos  communication* 
was  extended  by  the  application  of  microscopic  methoda.  The  fact  that 
both  the  silver  haloid  and  the  resulting  silver  are  diatributed  tiirough  the 
film  in  the  form  of  particles  of  minute  but  measurable  size,  allows  ua  in  this 
way  to  detect  finer  qualitative  differences  in,  and  to  draw  independent 
deductions  on  the  processes  of  exposure  and  development.  The  size  of  the 
grun  is  important,  both  from  the  practical  point  of  view  and  from  the 
theoretical :  in  the  one  case  as  bearing  on  spectroscopical  and  astronomical 
photography,  in  the  other  on  account  of  the  great  importance  of  the  d^ee 
of  surface-extension  for  heterogeneous  systems.! 

The  method  has  been  used  previously  by  Abney,  Abegg,  Eaiserling,  Ebert, 
and  oti)ers4  but  by  far  the  most  systematic  and  important  inquiry  is  Uiat 
of  E.  Schaum  and  V.  Bellacfa.g 

The  work  subsequently  described  had  been  carried  oat  in  part  before 
Bellacb's  monc^raph  came  to  our  notica  The  inveatigation  was  then 
extended  beyond  the  limits  of  exposure  and  development  given  by  BeUach,|| 
and  arranged  to  compare  both  with  his  results  and  those  of  our  former 
paper.  .As  much  of  the  detail  is  of  chiefly  photo-technical  interest,  only 
the  chief  results  are  given  here ;  a  fuller  account  will  be  published  in  the 
'  Photographic  Journal.' 


Beck  objective  ^-inch  and  Beichart  No.  8  i^-inch,  both  dry  systems,  and 
for  some  work  Zeiss  -iij-inch  cedar-oil  immersion,  kindly  lent  by  Professor 

•  'Eoj.  Soc.  Proc,"  vol  74,  pp.  417  to  473. 

t  OstwAld, '  Lehrbnch/  vol.  3  ('  Chem.  Kinetik ') ;  Br«dig, '  Arch.  1  wias.  Phot.,'  1900  ; 
'Eder'i  Jahrbuch,'  1899,  p.  367. 

X  H.  Ebert, '  Eder'a  Jahrbuch,'  1894,  p.  14  ;  Kaiserling,  ■  Phot.  Mit.,'  1898  (I  and  II) ; 
Abnej,  'Phot.  Journal,'  1898  ;  K  Abegg, '  Arch.  f.  wiu.  Phot.,'  1899,  voL  1,  p.  109. 

g  K.  Schaum  and  V.  Bellach,  '  Phjfik.  Zeitachrift,'  1901— OS,  and  eapecuOlj'  "  Die 
Struktur  der  Phot.  Negative,"  by  T.  BeUach  (W.  Knapp,  Halle,  1903).  This  adminble 
monograph  coatains  a  very  complete  bibliography  (m  aU  points. 

II  Except  in  region  of  solarieation. 
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A.  W.  Porter,  B.Sc.  The  miorometers  were  a  stage-micrometer  in  tH  *'^'^- 
an  ocular  calibrated  on  this,  and  an  ocular  in  squares  similarly  oalibiated. 

Emultnon  TesU. — Ab  the  atudy  of  ripening  was  deferred  for  farther  w<Mrk, 
only  the  points  bearing  on  the  theor;  of  development  were  considered. 
Preparations  were  made  by  dissolving  a  small  piece  of  film  in  warm  water 
and  flattening  under  a  cover-glass,  then  sealing  with  Canada  balsam.  The 
grains  of  a  very  thin  layer  thus  obtained  could  be  examined  separately 
Long  exposure  had  no  apparent  effect. 

The  grain  in  fast  plates  varied  somewhat  in  size,  there  being,  e^.,  in  an 
Imperial  special  rapid,  two  species  (a)  0-0011  nun.  and  (fi)  0-O034  mm. 
Hie  latter  were  flattened  polyhedra,  of  triangular  section ;  in  the  slow  plates, 
the  emulsion  was  practically  homogeneous,  the  size  of  grain  in  Wratten 
ordinary  being  in  mean  0'0017  mnL  It  could  not  be  ascertained  with 
certainty  whether  the  grain  was  crystalline  or  amorphous. 

The  Physical  Nature  of  SUver  Haloid  JEmuUions. — Bellach  found  that  in 
many  cases  the  mean  size  of  the  grain  diminished  with  careful  drying.* 
Thus,  after  several  days'  desiccation,  a  contraction  from  0-67  x  10"*  mm.*  to 
0-57  X  10~'  mm.'  was  noticed  iu  an  Eder  emulsion.  This  points  to  the  grain 
itself  possessing  structure,  and  agrees  with  Quincke's  views  as  to  the  nature 
of  silver  haloid  emnlsions.t  He  considers  that  the  AgBr  "grains"  are 
not  pure  AgBr,  but  contain  gelatine.  An  emulsion  in  which  the  colloidal 
particles  have  flocked  together  forms  a  "spume."  liquid  or  jellified 
oolloida  consist  of  "  spume "  masses  with  liquid  or  solid  spume-walls, 
enclosing  very  minute  or  invisible  chambers.  In  haloid  emulsions  there 
IB  a  stiff  jelly  containing  a  totally  or  partially  solidified  solution  of  AgBr  iu 
gelatine,  in  which  a  phase  rich  in  AgBr  has  separated  from  a  second  phase 
poorer  in  AgBr,  but  richer  in  gelatine.|  In  the  spume-walls  and  ceils, 
spheres  and  crystals  of  haloid,  much  smaller  than  the  measured  gram,  have 
separated. 

The  "  adsorption  "  of  gelatine  to  the  AgBr  agrees  with  Eder's  researches 
on  the  separation  of  pure  ^Br  from  emulsions  by  centrifugalising.g 

Structure  of  Developed  Negative. 

By  focussing  on  the  top  layer  of  particles,  then  down  on  to  the  lowest 
observable  particles,  the  thickness  of  the  reduced  silver  layer  can  be  measured. 
This  apparent  thickness,  recorded  by  the  micrometer  head  of  the  fine  adjust- 


I,  loe.  eit.,  p.  34. 

f  a.  Quincke, '  Aud.  d.  Fhje.,'  4t«  Flge.,  vol.  8,  p.  1000,  et  *«q. 
X  Hardy, '  Zeit  f.  Phys.  Oiem.,'  voL  30. 
S  Eder  and  Vatenta,  'Beitiiige  Eur  Photochemie,'  etc.,  mc.  3,  p.  19. 
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ment,  and  multiplied  by  n^ftl^  these  being  respectively  tbe  refractive  indicea 
of  the  gelatine  and  objective  aysteras,  gives  the  real  thickneea.* 

With  Wratten  ordinuy  emulsion,  exposed  and  developed  as  described,  the 
negative-layer  was  somewhat  as  described  by  Bellacb : — 

(a)  Surface-area,  particlefi  not  very  numerous. 

(h)  Mean-layer,  with  characteristic  forms. 

(c)  Lower  zone  of  smaller  particles,  diminishing  the  lower  they  lie.  This 
Bellach  attribntes  to  the  penetration  of  developer,  but  we  shall  show  later 
that  a  more  potent  factor  is  that  the  moat  txpoied  grains  start  development 
first.  On  ultimate  development  these  grains  reach  tbe  same  size  as  the 
others. 

Table  I.— N/IO  Ferrona  Oxalate. 


20  mill,  at  20"  C. 

10  miu.  at  20'  C. 

No. 

Expoflure. 

Thickien. 

No. 

Expoflure. 

Tbicbieii. 

O.M.S. 

mm. 

COS. 

mm. 

2 

3  04 

00226 

1 

0-101 

0-0115 

3 

4-66 

0-0223 

2 

0-204 

0-0116 

4 

7-75 

0-0221 

3 

0-466 

0-0118 

6 

12-9 

00223 

4 

0-776 

0-0139 

6 

27-9 

0-0230 

5 

1-290 

0-0195 

7 

H'5 

0-0255 

« 

2-790 

0-0232 

8 

U3-0 

00241 

Table  IL — N/10  Ferrous  Oxalate.    Time  of  Development  and  Thickness. 
Exp  =  1-38  CJ1.S. 


Time. 

Density,  D. 

Thicfaien. 

mim. 

mm. 

2-0 

0-130 

0-0200 

6-0 

0-280 

0-0207 

8-0 

0-349 

0-0206 

10-0 

0-542 

0-0203 

00 

0-586 

0-0203 

For  the  thickness,  tbe  following  facts  were  ascertained  : — 
(a)  With  constant  development  for  a  short  time  the  depth  of  the  image  is 
independent  of  the  exposure. 

«  Belkoh,  loo.  oiL,  p.  Oe. 
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{h)  With  increaaed  time  of  developmeDt  the  depth  increasea  rapidly  to  a 
maximum  for  each  expoBore,  after  which  it  is  constant. 

(c)  With  long  development  the  depth  increases  somewhat  with  the 
exposure,  a  limit  naturally  beii^  fixed  hy  the  thickneeB  of  the  film. 

Every  measurement  is  the  piean  of  10,  each  focussing  being  repeated,  and 
for  various  portions  of  the  film. 

On  thi  Size  of  the  Qrain^ 

Many  discordant  observations  as  to  the  influence  of  exposure  and  develop- 
ment on  the  size  of  the  grain  have  been  published.*  Our  observations  agree 
with  Scbaum  and  Bellach's,  for  the  early  stages  of  development,  but  on 
prolonging  the  development,  the  conclusions  are  modified.  They  may  be 
expressed  as  follows : — 

When  7,  the  d^ree  of  development,  is  low,  the  size  of  grain  increases  with 
the  exposure. 

As  the  time  of  development  increasea,  the  size  of  the  grain  doea  also,  until 
at  7,,  it  is  independent  of  the  expomtre. 

In  addition  to  micrometric  measurement  of  the  diameter,  the  mean  size 
was  obtained  by  drawing  the  outline  of  the  grains  on  squared  paper  by  means 
of  a  reflecting  ^eteni,t  and  then  measuring  the  surface-extension.  This 
method  could  not  be  applied  to  the  smallest  grains,  for  which  the  micrometric 
measurements  are  only  approximate.  The  mean  diameter  of  the  "  area " 
method  is  thetmean  between  greatest  and  least,  and  is  given  to  compare  with 
the  micrometric  diameter.  The  results  are  the  means  of  20  observations,  and 
of  10  for  the  area  method. 

Influence  of  Exipcsure. 
Table  IIL— Developed  20  mins.  in  N/10.    Ferrous  Oxalate  at  20°  C. 


No. 

Exposure. 

Micro- 
diameter. 

Area. 

Meui 
diameter. 

1 
2 
3 
4 
6 
6 

C.M.S. 
103 
1-87 
310 
B17 
11-8 
230 

mm. 
OOOIU 
0-0O112 
0-00124 
000131S 
0-00140 
0-0O162 

mm.* 
l-28>iio-« 
1-45 
l-St 
1-82 
1-90 
2-10 

0-00101 
0-00121 
0-00123 
O-00130 
0-0O1B2 
0-00182 

Mg  -  C.  920 
*  Bellach,  toceit.,p.  7S. 
t  Ibid.,  p.  76. 


Mg  -  C.  1360. 
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For  the  exposure  aD  iDtenBit^-scale  was  used  with  constant  time.   Similar 
results  were  obtained  by  varying  the  time  with  intensity  constant. 


Infiuence  of  Development. 

Table  lY.— Exposuie  1-38  CJkI.S.    Developed  in  N/10.    Ferrous  Oxalate 
at  20"  C. 


Time. 

Density. 

Micro- 
diameter  (o). 

Diameter  (»). 

mins. 

nmi. 

mm. 

20 

0  160 

0-OOlOS 

0-0008 

60 

0-280 

0-00124 

.      0-0010 

80 

0-349 

0-00167 

0-OOH 

160 

0-642 

000160 

0-0016 

» 

0-686 

0-00167 

0-0017 

(a)  For  mean  layer. 


(ft)  For  lower  Eone. 


Size  of  Chain  on  Infinite  Development. 

For  moderately  high  exposures  and  pTolonged  development  measurements 
cotdd  not  be  made  on  the  plate  direct,  so  preparations  were  made  and  the 
grain  measured  and  photographed. 

Table  V. — ^Developed  to  7.  in  N/12'5  Ferrous  Ozalata 


Exposure. 

Density. 

Miero^iiameter. 

Al»a. 

Diameter. 

C.M.S. 

mm. 

mm.* 

mm. 

2-04 

0-277 

0-00146 

l-94xlO-« 

0-00136 

4-66 

0-966 

0-00150 

2-17 

0-00166 

7-76 

1-496 

0-00137 

1-90 

0-00162 

12-90 

2-400 

0-00166 

2-14 

O-0O171 

27-90 

3-400 

0-00149 

1-90 

0-00169 

64-30 

4-39 

0-00161 

2-18 

0-00166 

2090 

— 

0-00140 

2-03 

0-0O166 

Hence,  generally,  G  =  ^  (7,  E),  but  at  7.  Q  is  independent  of  E,  the 
exposure.    (See  Plate  4,  figs.  I  and  II.) 
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Egtd  of  Bromide, 
Table  VI. 


Na 

E^waure. 

Diameter  A. 

C.M.S. 

mm. 

mm. 

1 

101 

00009 

Absent 

2 

2-04 

000094 

PoinU 

3 

4-66 

0-00105 

Points 

4 

7-75 

0 -00114 

0-0008 

6 

12-90 



0- 00085 

6 

27-9 

0  0143* 

0  00103 

7 

64-6 

— 

0-00123 

8 

IISO 

0-0165" 

0-00145 

*  From  pr«parationa. 

These  were  developed  1-0  minutes  in  N/10  ferrous  oxalate,  A,  no  bromide, 
B.  N/200  K.Br. 

This  confirms  Bellach's  statement  that  bromide  lowers  the  size  of  the  grain. 
In  addition,  it  should  be  noticed  that  the  effect  is  greater  the  less  the  ezposura 
Also,  it  was  found  that  the  size  of  the  grain  diminished  as  the  concentration 
of  the  bromide  increased. 


Bromide  at  InJi/wUe  Develop7)unt. 
Table  VII.— Developed  to  7,  in  N/10  Ferrous  Oxalate,  N/200  KBr. 


No. 

Exposure. 

Mionwiiameter.             Area. 

Mean  diameter. 

1 
6 
8 

C.M.S. 
2'0< 
27-9 
8090 

0-00142                 !-7xio-« 
0-0O137          1       1-9 
000172                20 

0-00135 
000142 
000139 

Mg  =  9 


Mg  =  1300. 


On  comparing  this  table  with  Table  V,  it  will  be  seen  that  on  infinite 
development  the  grain  attains  the  same  size  in  a  bromided  as  in  a  non-bromided 
developer.    (See  Plate  4,  figs.  Ill  and  IV.) 

On  the  Number  0/  Qrains  and  Eie^oture. 
In   the   Surface  Area. — ^For   this,   photo-micrographa  were  taken  at  500 
diameters,  and  the  grains  counted  in  a  given  area  on  the  amative.    The  values 
are  the  means  of  20  observations. 


by  Google 


1905.]  The  Theory  of  Photographic  Pi-ocesses. 

Table  Till.— Doreloped  10  mina.  in  N/10  Ferrous  Oxalate. 


No. 

£zpomire. 

No.  per  TiBual  area.     No.  per  1  mm.'  film. 

I 
4 
6 

C.M.S. 
0187 
0-310 
0-517 
1-18 

17  1              1            192x10* 
16-2              ,            181 
18-8              1            211 
17-8                          199 

1 

Hence  for  tuoderately  loi^  derelopmeut,  the  number  of  graius  on  the 
Burfaoe  is  cooBtant. 

In  the  Tkickneat. — These  were  counted  directly  under  the  microscope,  with 
a  micrometer  in  squares.  The  values  are  for  25  to  30  squares,  readings  being 
taken  in  different  portions  of  the  film.  The  unit  volume  is  a  prism  of  area 
1  mm.*  and  height  equal  to  thickness  of  film.  It  was  found  that  the  latmber 
ofgraine  increased  with  the  exposure,  and  /or  moderately  long  development  was 
nearly  proportional  to  the  density.  As  this  is  contrary  to  Bellach's  results, 
several  sets  of  experiments  were  made,  with  as  wide  a  rai^e  as  practicable  of 
exposure  and  development,  which  fully  bore  this  out  The  conclusion  was 
further  tested  by  making  sections  through  the  film.  The  beet  resulla  were 
obtained  by  removing  the  developed  film  from,  the  plate  and  roUinf;  it  up  in 
gum  mucilage.  A  small  portion  was  then  frozen  on  an  ether  spray  microtome 
and  sections  cut  These  gave  a  spiral  embracing  several  tones,  and  it  was 
easily  seen  that  the  number  of  grains  increased  with  the  exposure,  tbe  depth 
of  the  image  but  sightly.  The  appearance  i^^reed  with  Abney's  description  :* 
"With  small  exposure  the  grains  are  cougr^ated  chiefly  near  the  surface. 
As  tbe  exposure  increases,  the  film  behind  fills  up  with  particles  and  they 
crowd  together." 

Table  IX.— Developed  6-0  mins.  in  N/10  Ferrous  Oxalate. 


No. 

Exposure. 

No.  per  100  mm.' 
Tisual. 

Per  unit  vol. 

1 
2 
3 
4 
6 
6 

C.M.S. 

004 

0081 

0-184 

0-312 

0-52 

1-12 

2-90 
2-46 
3-21 
610 
7-68 
8-34 

JT-SxlO" 

23-4 

30-2 

67-5 

71-0 

78-6 

Mg  -  C.  1000. 
*  Abney, '  Phot.  Joiunftl,'  1 
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1  and  2  were  below  the  "  Schwellenwerth."  Obviously  the  numbet 
increases  with  the  exposure.  Thia  was  confirmed  for  other  experiments,  u 
far  as  the  density  penuitted.  Above  0-3  to  0*4  measurements  could  not  be 
made ;  but  it  can  be  seen  that  on  extreme  development  (Table  V)  the  size  of 
the  grain  is  constant.  Yet  the  density  has  increased  from  0*277  to  4'39  or 
about  sixteen  times.  Since  no  commensurate  increase  in  the  size  of  the 
grain  has  occurred,  the  number  most  have  increased. 

Tnjluejite  of  Developmeni, 

Table  X.— Wratten  Ordinary  Plate  Exposed  for  0*25  O.M.S.  developed  in 

N/10  Ferrous  Oxalate  at  20°  C. 


No. 

Time. 

No.  of  grains 
por  100  mm.*  vuiul. 

Per  unit  vol. 

mins. 

I 

0-5 

3-36 

31-BxlO« 

2 

1-0 

3'&4 

33-3 

3 

2-0 

6-10 

B7-6 

4 

2-6 

6-46 

62-6 

6 

3-6 

7-20 

67-8 

6 

7-0 

8-68 

80-8 

7 

90 

1003 

94-5 

8 

140 

10-50 

99-0 

9 

20-0 

10-40 

98-9 

Time  of  deTeloiHDent 
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The  number  of  graitia  iDcreasea  rapidly  at  first,  then  more  gradually  till  a 
maximum  is  attained.    This  f^p:«es  with  Bellach's  results. 

Ih^aoawre  Through  the  OUas-eide. 
Two  plates  were  given  identical  exposures  behind  the  sector-wheel,  and 
developed  for  10  minutes  in  N/10  ferrous  oxalate  at  IS''.  One  was  exposed 
through  the  glass-side,  the  other  from  film-side  but  with  a  ^asa  plate  in 
front.  On  fixing,  etc.,  although  both  showed  5  tones,  the  densities  of  the 
glass-side  plate  were  considerably  less  than  that  of  the  other.  This  agrees 
with  Ab^£*  and  Bellach.f 

Thichnest  of  Negative-Layer. 


No. 

ExpoBure. 

Tlilcskiieaa(i>). 

D«. 

ThicbiegaW. 

DJ. 

1 
2 
3 
i 
6 

C.M.S. 
10 
5 

2-6 
1-25 
0-62 

0-0204 
0-0199 
0-0188 
0-0181 
0-0148 

0-110 
0042 

0-0192 
0-0180 
0-0163 
0-0152 
0-0162 

0-267 
0-098 
0-027 

(a)  Gloss-side.  (d)  Air<«ide. 

The  depth  is  much  the  same  for  both  plates.  According  to  Abc^  all  the 
grains  in  back  exposed  plate  appeared  equally  developed,  whereas  Bellacb 
describes  his  preparations  as  similar  to  front  exposed  plates,  i.f.,  uppermost 
zone  with  few  and  small  particles,  mean  characteristic  layer,  and  lowest  with 
very  small  particles.  In  our  plates  the  appearance  agreed  with  Abe^s 
description,  the  increase  in  size  of  grain  being  in  the  opposite  sense  to  that  of 
a  film-side  exposed  plate.  The  apparent  divergence  in  description  is  probably 
due  to  the  fact  that  Bellacb  used  short  development,  110  seconds,  with  a 
strong  developer,  while  Ab^^  used  prolonged  stand  development,  more 
comparable  with  the  author's  conditions.  The  result  shows,  that  other  things 
being  equal,  the  grain  receiving  moat  expomre  u  moU  reactive  and  ^arts 
development  first. 

Thus,  for  1-25  C.M.S.  exposure, 

Micro-diameter. 


Film-side  plate   . 
Glass-side  plate  . 


f  000135 

"lo-ooos 

ro-00106 

"  Lo-oouo 


Focus, 
div. 
76-0 
74-6 
79-5 
77-0 


*  R.  Abegg  q.  d  Immerwahr, 
t  Loc  eit.,  p.  61. 


'Sitz.  b«r.  d.  Wi«n.  Akad.,'  vol  114,  abt  it,  1900. 
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The  number  of  grains  was  greater  in  the  plate  exposed  from  air-side.  For 
1  mm.'  of  film, 

Air-side 132xl0», 

Glass-side TlxlO*, 

while  Ab^g  and  Inmierwahr  give  41  "0  X 10*  and  32'5  x  10*.  Both  the 
densities  and  the  number  of  grains  are  greater  for  the  air-side  plate,  Abegg 
attributes  this  to  the  prevention  of  balc^en  diffuaioo.  Brauu's*  observatiou 
on  the  part  played  by  ox^^n  in  the  formation  of  latent  images  may  also 
account  for  it  however.  Possibly  connected  with  this  is  the  statement  of 
Wulf,t  that  for  the  so-called  photo-electric  efTect  the  sensitiveness  to  light 
increases  as  the  potential  fall  of  electrode  to  surrounding  gas  increases. 

The  general  restdts  of  the  microscopic  survey  are  in  agreement  with  the 
theory  of  development  proposed  before.  Each  grain  develops  as  a  more  or 
leas  isolated  system,  only  uniting  to  form  "  aggr^ates  "  with  other  grains  at 
high  exposures,  when  tJie  packing  is  closer.  The  thickness  of  the  reactioD- 
layer  is  from  0*02  to  0*04  mm.,  a  value  similar  to  that  found  by  Brunner  for 
many  heterogeneous  reactions.  But  in  this  case  the  solid  pkaee  lies  entirely  in 
the  layer.  The  diffusion  of  the  developer  may  be  divided  into  two  parts : — 
(a)  through  the  total  thickness,  S,  (&)  throngh  the  nucro-layer,  S',  of  the  order 
0*0005  mm.  surrounding  the  grain.  This  is  the  true  reaction-layer,  and  the 
reaction  is  smnewhat  like  to  the  catalysts  of  HjOj  by  colloidal  metals,  save 
that  there  is  no  convection.  As  the  difliisioii  has  to  take  place  through 
gelatine,  the  structure  and  state  of  this  may  influence  the  velocity.  This  will 
be  dealt  with  later.  Hie  fact  that  the  size  of  the  grain  with  low  time  of 
development — or  better— low  development-factor  varies  with  the  exposure, 
indicates  that  the  "  reactivity  "  of  Uie  individual  haloid  grain  is  a  steady 
function  of  the  exposure.  Hence  at  low  development-factors  departures 
from  the  law  of  constant  density-ratios  are  possible,  but  difBcult  to  confirm. 
Sudi  departures  wiU  be  th^  more  marked  whenever  the  chemical-velocity 
approadus  that  of  the  diffusion  process. 

The  conclusions  given  here  were  confirmed  for  other  developers,  and  we 
hope  to  publish  them  later  in  connection  with  the  general  survey  of  these ; 
since  this  work  was  finished,  Messrs.  Lumifere}  and  Wallace^  have  published 
short  studies  on  the  size  of  the  grain.  Their  results  do  not  contradict  ours, 
but  they  do  not  seem  to  have  considered  sufficiently  the  efTect  of  the  degree 
of  development,  7,  on  all  observations. 

"  •  awun,  'ZeitBchrift  f.  wiss.  Phot,'  voL  8,  Heft  8. 

t  Th.  Wulf, '  Ann.  d.  Phys.,'  4te  Flge.,  vol.  9,  jx  94(1. 

J  Lumia«, '  Zeit  f.  whb.  Pbot,'  voL  2,  p.  266. 

§  Wallace, '  A^trophTsical  Joum.,'  1906. 
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The  early  ttaget  of  devetopmertt. — Considerable  infonnation  coQcemii^  the 
velocity  of  development  can  be  obtained  from  the  "  time  of  appearance  "  of 
the  image,  which  is  a  function  of  it  In  1893  Mr.  Watkios  announced  tiiat 
for  any  given  reducer  the  time  of  appearance  gave  an  accurate  indication  of 
the  speed  of  working,  and  that  any  variatioa  in  the  alkali,  temperature,  or 
strength  afiected  the  time  necessary  to  reach  a  given  denaity  or  development- 
factor  in  the  same  proportion  that  it  affected  the  time  of  appearance. 
Generally  stated,  Tp  =  WTa,  where  T©  is  time  for  density,  D.  Ta  ie  time  of 
appearance,  and  W  is  a  constant 

This  rule  has  been  usefully  applied  in  practice  for  timiog  development,  hut 
the  above  statement  ia  too  wide,  bot&  experiment  and  theory  showing  that 
such  a  simple  relation  does  not  hold  for  many  complex  developing  solutions. 
The  following  considerations  fmm  the  theory  of  the  order  of  leactions*  explain 
both  the  rule  and  the  deviations  fmm  it 

If  two  analogous  reactions  continue  to  equal  fractions  of  the  total  change, 
then  the  times  necessary  for  this  are  inversely  as  the  velocity-factors. 

Of  course,  it  is  assumed  that  the  same  function  of  the  variables  etill  repre- 
sents the  course  of  the  reaction.  If  experiments  with  different  concentra- 
tions are  carried  to  the  same  fraction  of  these,  the  following  relatioiis  hold : — 
For  reactions  of  the  first  order  the  factors  are  directly,  the  times  inversely  as 
the  concentrations,  of  the  second  order  as  the  squares,  and  so  oil  We  may 
apply  this  to  development  as  follows : — The  density  which  is  first  visible,  <&, 
first  distinction  between  exposed  and  unexposed,  is  a  physiological  constant 
and  a  fixed  density,  8,  say  (Schwellenwerth).f  Hence  for  same  exposure,  i.t., 
same  final  density,  0  is  ahoays  an  equal  fradixm  of  the  total  density ;  so  5, 
the  time  of  appearance,  i.e.,  for  density,  6,  is  inversely  as  the  velocity- 
coefBcient,  and  is  similarly  modified  by  concentration,  etc. 

With  different  final  densities  and  constant  developer,  the  values  of  3  are 
inversely  as  the  final  densities,  D,,  B^  etc.  Here,  of  course,  8  measures  an 
equal  fraction  of  the  total  oxidation  of  reducer. 

Let  D,  and  D,  be  any  two  final  densities,  and  X  a  fixed  density,  where 
Dj,  D,  =  or  >  X,  and  let  ^i  and  j,  be  their  respective  times  of  appearance^ 
and  ^,  tf  correspondmg  times  to  reach  \.    Then  we  have 

hl^\  ~  hl^i  -  '-/-S.  =  constant  W, 
whose  numerical  measure  is  prc^rtional  to  the  Watkins  multiple,  and  is 
independent  of  concenUatiou  and  only  dependent  on  velocity  function. 

*  Ortwald,  'Lehrboch,'  2te  Auflge.,  voL  2,  p.  236. 

t  Thu  fact  resta  on  the  eziitence  of  a  " Schwelleiiw«rth "  or  "threshold"  Tslue  of 
perception  of  contrut  by  the  eye. 
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The  general  tbeorem  is  only  true  for  simple  reactions,  and  does  not  bold 
for  "  graded,"  "  catalysed,"  and  so  forth.  The  aame  limitationt  hold/or  develop^ 
merit,  and  the  occurrence  of  initial  diBturbances,  varying  in  the  specific 
developers,  probably  account  for  the  wide  variation  of  the  Watkina  multiple 
for  various  developeiB,  and  also  its  variation  with  the  same  reducer.  Only  for 
(Uvdopenra  in  which  the  balance  between  reduction-potential  and  diSusivity  is 
within  certain  limits  will  W  be  constant,  since  deviations  will  easily  occur 
for  such  a  amall  traction  of  the  total  change,  and  yet  the  development-fnnotion 
remain  much  the  same. 

The  writers  have  extensively  developed  the  use  of  the  "  time  of  appearance  " 
for  investigation  of  development-kinelics.  The  most  similar  use  of  such  a 
method  of  inquii?  in  chemical  dynamics  is  A.  von  Oettii^n's*  research  on 
the  decomposition  of  thio-sulpbate  by  acids,  in  which  the  "  time  of  appear- 
ance "  of  the  aulphur-doud  was  observed.  The  limiting  conditions  for 
experimental  accuracy  discussed  there  hold  also  for  development  The  time 
must  not  be  so  short  that  the  limiting  error  of  measurement  seriously  a£Fects 
the  result,  nor  so  long  as  to  cause  doubt  as  to  the  exact  moment.  The  obser- 
vations are  made  in  a  dark-room,  but  using  as  much  of  a  steady  reddish  light 
as  possible,  since  subsequent  fc^;ging  is  in  general  immaterial 

The  timing  was  done  with  a  atop-watch  marking  -^  of  a  second ;  several 
observations  of  each  time  were  made,  and  the  mean  used,  and  all  measure- 
ments for  comparison  made  at  one  period.  The  method  is  accurate  within 
the  limits  employed  to  about  2  per  cent 

Effect  of  Concentratiort  with  Ferrous  Oxalate. 
Table  XI.— Plate,  Wratteu  Ordinaty,  exposed  8  C.M.M. 


Concentration. 

Tj^mna. 

MeanTA. 

C  -  Product. 

0-2  N. 
01  N. 
0-06  N. 
0-02B  N. 

220,  19  0,  19-0, 18-8 

40-4,  40-0,  40-2 

810,  79-8,  80-li 

160-2, 168-2, 167-0 

19-7 
40-1 
80-4 
168-4 

3-94 
4-01 
402 
3-96 

Meui  3-98 

This  shows  from  N/5  to  N/40  the  velocity  is  directly  proportional  to  Che 
concentration,  even  at  this  early  ste^e  of  development. 

*  '  Zait  f.  Tiiji.  Chem.,'  vol.  30  ;  c/.  also  H.  Laodolt,  >  B«r.,>  vol.  19,  p.  1317, 1886. 
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Temperature  and  Development-  Velocity. 

Experiment  showed  that  the  variation  of  temperatuie  did  oot  influeoce 
the  denaity-tatios.  The  effect  of  temperature  on  the  velocity-constant 
K  =  -  Ime  — 3^« —  was  measured,  and  also  on  V  =  l/T* .     In  this  case  four 

series  of  measiirementa  were  made,  embracing  the  range  0°  C.  to  30°  C.     By 
interpolation  the  reduced  results  gave  the  following  table. 


Table.XIL— Developed  in  N/12-5  Ferrous  Oxalate. 


Temperature, '  0. 

Abeolute 

-0-8 

272-2 

0-0 

2730 

5-2 

278-2 

6-7 

279-7 

9-2 

281-2 

160 

288-0 

200 

293-0 

25  0 

298-0 

30-0 

S03-0 

Velocity. 


1-00 

1-00 

1-01 

1-01 

1-29 

1-29 

1-33 

1-33 

1-42,1-66,1-51 

1-60 

2-126 

2-13 

2-60 

2-50 

■     3-29 

3-29 

4-35 

4-36 

Van't  HofTa  equation  — ^ —  =  =•  in  the  integrated  fonn  for  A  sensibly 
constant,  1<^  E  =  — f=-+C  was  found  to  represent  the  results  very  fairly. 

Table  XIII.— C  found  as  7-60. 


Temperature. 

A. 

Vote. 

V  ealc. 

A  per  cent. 

272-0 

1794 

l-OO 

0-982 

-1-8 

273-0 

1798 

1-01 

0-991 

-1-9 

278-2 

1807 

1-29 

1-290 

0-0 

279-7 

1911 

1-33 

1-380 

-t4-0 

281-2 

1806 

1-60 

1-606 

-fO-4 

288-0 

1806 

2-13 

2-133 

■1-0-1 

293-0 

1817 

2-60 

2-69 

-H8-0 

298-0 

1813 

3-29 

3-467 

-^6-0 

303-0 

1807 

4-36 

4-361 

-fO-26 

Curve  calculated  from  log  E  -  -1806/T-H7-60. 

•  J.  a  THi't  Hoff, '  KgL  Svenafai  Vet  HdL,"  vol  21,  No.  17, 1886. 
VOL.  LXXVI. — A.  I 
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Curve  II. 


Velocity  of  development. 


The  temperature-coefficient  for  10°  from  0*  to  30°  C.  is  (K  +  10**)/K  =  I'T. 
The  validity  of  these  results  is  shown  hj  measurements  of  K,  the  mean 
velocity  coefficient. 

Table  XIV. 


TempenituM,  *C. 

E  found. 

Ecide. 

A  per  cent 

9-6 
20*6 
SO-7 

0-0632 
0-0870 
0-1174 

0-0632 
0-0891 
0-1210 

+  2-2 
-f20 

The  Temperature'CoeficierU. 

Bodenstein*  and  Senterf  have  indicated  the  value  of  the  temperature- 
coefficient  for  10°  as  a  criterion  in  heten^neous  reactions.  For  chemical 
reactions  in  honu^neons  solution  the  value  is  generally  about  2  to  3  J  while 
Brunner  found  1'5  for  rate  of  solution  of  henzoic  acid  in  water ;  for  di£(\iBion- 
processes  we  should  expect  a  value  about  1*6,  and  not  varying  for  different 
bodies  very  much. 

Tow  we  have  found  tiiat  the  expression  K  =  -  Ior  — 3[s —  can  be  used  to 

'       7.  -  r 
isure  the  development  velocity  for  most  developers.    A  preliminary  study 
:he  temperature-coefficient  for  different  emulsions  and  developers  gave  the 
owing  results : — 


*  'Zeit.  f.  PhjBik.  Chem.,'  toI.  49,  p.  4S,  1904. 

t  'Roy,  8oc  Proc.,'  vol,  74,  p.  214. 

I  Van't  Hoff, '  Vorlemmgeu,'  vol  I,  p.  226. 
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Table  XV. 


Bedicer. 

Emulaion  A. 

E. 

C. 

1-60 
1-62 
1-64 

1-90 

8-10 
2-80 

1-70 

S   '..:::"::::::: 

CA(OHJ,y 

Gfl.(OH),o 

Tbe  temperatore-coefficient  frequently  passea  the  value  to  be  expected 
from  the  difiueion-theory.  Snt  in  the  case  of  derelopment,  we  must  be 
cautious  in  applying  the  criterion,  as  tbe  following  consideration  will 
show: — 

Beside  the  increase  in  diffiiaivity  (mobility  of  reducing  molecule),  we  must 
also  consider  (a)  alteration  of  resistaace  to  diffusion  in  gelatine ;  (b)  in 
complex  developing-aolutions,  alteratiou  of  concentration  of  reducii^  ion  by 
changing  the  chemical  equilibrium,  especially  in  alkaline  developen.  Under 
these  conditions  a  high  tempertUure-eof^gicient  in  development  doet  not  neceatarily 
mean  that  the  velocity  u  th^t  of  a  chemical  reaction. 

In  the  case  of  ferrous  oxalate,  the  theoretical  formula  of  Yan't  Hoff, 
which  is  a  deduction  from  the  reaction-isochore,  was  employed.  This  is  not 
Intimate  in  the  case  of  diBusion  phenomena,  and  the  best  formulation 
would  probably  be  the  ordinary  parabolic  interpolation  formula  in  the  form 
Kf  =  Ko(l+a(+&^);  a  comparison  of  the  constants  a  and  h  for  different 
plates  and  developers  should  yield  useful  information  on  temperature 
influences. 

Reaatance  of  the  Gelatine, 

Hardening  agents,  which  raise  the  melting  point  of  the  gelatine,  are 
generally  supposed  to  alter  the  velocity  of  development  by  changing  the 
diffusivity.  Many  emulsions,  however,  show  no  such  effect  Thus,  with 
formalin  (4&-per-ceut.  formaldehyde)  in  4-per-cent.  strength  and  increasing 
time  of  immersion,  although  tbe  film  became  qnite  insoluble  in  boiling  water, 
the  development^velocity  was  not  lowered. 

The  general  theory  of  the  action  of  hardening  agents  will  be  discussed 
later  in  connection  with  the  destruction  of  the  "  latent  image." 
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No. 

Time  of  immenion. 

T.  io  leca. 

Meui. 

1 
2 
3 
4 
5 
6 

BecB. 
0 
30 
60 
120 
210 
8  per  cent  10  mina. 

24-0,  23-2,  24-0 
240,  24-2,  23-8 
24-0,  24-2,  23-4 
23-6,  24-6,  240 
240,  23-0,  23-4 
26-2,  23-4 

sees. 
...237 
24-0 
23-9 
24-0 
23-4 
24-3 

T  =  23-9 

"  Petutration"  oj  Develcper. 

By  the  late  of  penetration  the  time  for  the  reducer  to  pass  through  the 
reactioa-layer,  B,  ie  ouderatood.    Thia  was  studied  as  follows  : — 

If  plates  are  exposed  throt^h  the  glass-side,  the  ime^  will  lie  nearer  the 
glass,  and  we  may  expect  it  to  appear — 

(a)  On  front  first  if  the  penetration  of  the  developer  count  most. 

(b)  On  back  first  if  the  greater  reactivity  of  the  more  exposed  particles  be 

the  predominant  factor 
A  atrip  of  Ilford  ordinary  film  was  exposed,  cut  up,  and  developed  in 
K/10  ferrous  oxalate  at  15°  C. 
The  valaea  of  T,  given  are  means  of  four  experiments. 

Table  XVII. 


Ezpoeure. 

T.  aimjide. 

T.gleanide. 

lUord  film— 

300C.M.a 

60     

10      

Wratten  onlinaty— 
300C.M.S 

40-3  mo. 
64-6    „ 
72-4    „ 

94-2    „ 

46-3«ec«. 
52-6    „ 
630    „ 

90-4    „ 

Consequently,  with  low  exposures,  the  back  appears  before  the  front, 
but  as  the  exposure  increases,  the  developer  being  the  same,  the  two  times 
become  equal,  and  eventually  the  image  appears  on  front  first.  This  was 
confirmed  on  plates  exposed  in  the  aensitometer. 
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Plates  giTen  the  same  expoeure  from  the  front  always  show  the  image 
from  the  front  first,  the  relative  difference  in  time  being  somewhat  greater, 
the  absolute  vatae  of  T.  always  less. 

The  above  phenomena  may  be  'explaised  by  the  following  considerations 
drawn  from  the  microscopy  of  the  image : — 

(a)  The  absolute  thickness  of  the  layer  of  developable  particles  inci«ase8 
but  slightly  with  the  exposure. 

(&)  Beckoning  down  through  the  layer  from  the  exposed  nde,  the 
reactivity  of  each  layer  .of  grains  diminishes  through  the  thickness.  The 
slope  of  this  reactivity-gradient  then  depends  upon  the  exposure. 

(c)  With  short  time  of  development  the  penetration  increases  rapidly  ; 
further,  as  the  developer  reaches  the  lowest  layers,  its  concentration  will  be 
diminished  somewhat  by  diffusion  and  oxidation  by  developable  AgBr. 
There  will,  therefore,  be  a  concentration  gradient  through  the  film. 

{d)  Then  in  the  case  of  exposure  from  air-side,  the  two  gradients  will  be 
in  the  same  direction,  and  will  reinforce  each  other ;  for  exposure  from  the 
back,  the  gradients  will  be  opposite  in  sense,  and  the  front  layers  or  back 
will  appear  first  according  as  one  factor  or  the  other  predominates. 

This  result  is  in  agreement  with  the  microscopic  deduction,  that  other 
things  being  equal,  the  more  exposed  grains  possess  the  greater  reactivitjr 
and  start  developing  first. 

With  regard  to  the  absolute  time  required  for  the  developer  to  penetrate 
the  thickness  of  the  film,  an  estimate  can  be  obtained  as  follows: — With  an 
Uford  film,  the  y^t  curve  of  which  was  known,  the  lecut  time  of  appearance 
at  the  back  for  any  exposure  through  the  back  was  about  10  seconds  with 
N/10  ferrous  oxalate  at  15°  C  Now,  under  these  conditions,  the  half- 
period  of  development,  Le.,  for  7^/2,  was  5*0  minutes.  Hence,  the  error  due 
to  incomplete  penetration  is  not  of  a  very  large  order,  and,  moreover,  reasons 
will  be  given  later  for  assuming  a  chemical^induction  generally  greater  than 
any  diffusion-induction.  However,  for  accurate  comparison  of  velocitieB,  in 
order  to  avoid  an  erroneous  time-zero,  the  form 

K  =  -l-log3:-:=3!l- 

is  the  most  suitable. 

In  development  the  temperature-coefficient  has  been  found  an  inadequate 
criterion  for  dlstii^ishing  diffusion  from  chemical-velocity.  Such  a 
criterion,  however,  we  believe  to  exist  in  the  action  of  soluble  bromides, 
and  in  a  discussion  of  this  and  the  reversibility  of  development  we  hope  to 

*  Senter,  loe.  at.,  p.  203  ;  ee%  also  Oatwald-Lnther, '  Pliyijco^em.  MewimK«i>,'  p.  466. 
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show  that  the  development  procees  probably  takes  place  in  general  in  two 
phases,  in  the  first  period  the  chemical-velocity  being  slow  compared  with 
diffusion,  in  the  second  the  contrary  holding.  It  ia  the  velocity  of  the 
second  period  which  is  usually  measured. 

In  conclusion  we  have  much  pleasure  in  expressing  our  great  thanks  to 
Sir  William  Bamsay,  F.B.S.,  for  bis  interest  in  the  investigation. 
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Ad  investigation  is  now  in  progress  in  the  tbermometric  department  of 
the  National  Physical  Laboratory,  having  for  its  object  the  design  of  an 
electrical  method  of  measuring  temperatures  from  1200*  C.  upwards  "in  some 
such  way  as  temperatures  below  this  value  may  now  be  determined  by  an 
appropriate  thermocouple  or  resistance  thermometer.  It  is,  of  course, 
common  knowledge  that  metals  such  as  platinum  and  alloys  of  the  platinum 
group  are  unable  for  prolonged  periods  to  withstand,  without  alteration  of 
their  structure  and  properties,  the  effects  of  temperatures  above  about 
1200°  C,  particularly  if  in  presence  of  even  small  quantities  of  certain  gases, 
such  08  are  very  difQcult  to  ensure  shall  be  completely  absent,  especially  at 
the  higher  ranges.  This  ie  the  case  with  nearly  all  methods  of  heating, 
whether  electrical  or  otherwisa 

The  brilliant  researchee  of  Moissan  on  the  stability  of  all  kinds  of 
sutetances  at  very  high  temperatures,  and  the  recent  work  of  Nernat 
culminating  in  the  invention  of  bis  well-known  lamp,  in  which  the  light- 
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giving  filament  i3  formed  of  a  complex  mixture  of  oxides  of  rare  earths, 
directed  the  attention  of  the  author  to  this  class  of  bodies.  From  a  study 
of  their  behaviour  he  bos  been  ^ble  to  work  out  a  method  of  attaining  by 
very  simple  means  very  high  temperatures,  which  may  be  controlled  with 
great  ease.  A  preliminary  account  of  this  new  type  of  dectric  furnace, 
with  some  results  of  investi^tions  undertaken  with  it,  forms  the  subject- 
matter  of  the  present  paper. 

II. 

The  author  was  unaware  at  the  outset  of  the  work  that  the  fairly  obvious 
idea  of  making  large  tubes  of  solid  electrolytic  oonductora  had  been 
previously  applied,  and  had  come  across  no  accounts  of  any  previous  work 
in  tiie  usual,  scientific  journals,  but  during  the  progress  of  this  investigation 
he  has  found,  by  searching  in  the  patent  literature  of  England,  Germany, 
and  the  United  States,  that  more  than  one  investigator  has  been  working 
on  the  subject 

Nernst  Inms^f  mentions  the  idea  of  using  a  tube,  and  H.  K.  Potter,  in 
1902,  took  out  American  patents  for  a  tube  furnace  on  this  principle, 
designed  for  the  bakiiig  of  Nerhst  glowers  in  lamp  manufactura  He  appears 
to  have  bad  dif&cnitiee  in  getting  uniformity  of  specific  resistance  throughout 
the  tube,  and  suggests  building  up  the  wall  in  insulated  sections,  each  fed 
from  an  appropriate  circuit  with  series  resistance. 

Mr.  ^lomon,,Qf  the,  British  Nernst  Light,  Limited,  also  used  small  tube 
furnaces  of  the  same  kind  for  the  baking  of  glowers.  His  furnace  tubes, 
about  9  mm.  interior  diEoneter  and  100  mm.  long,  after  being  formed  and 
treated  to  reader  them  initially  conducting,  were  mounted  in  a  small  copper 
trough  in  pure  powdered  zirconia,  and  heated  by  a  gas  burner.  Such  a 
tube  when  cold  has,  after  drying,  a  resistance  of  at  least  1000  m^ohms, 
but  from  about  400°  0.  upwards  this  falls  off  so  rapidly  that  on  a  250-volt 
circuit  it  will  light  up  at  a  low  red  heat,  the  gas  being  then  extinguished. 
At  the  highest  safe-working  temperature  such  s  tube  drops  about  100  volts 
with  a  current  of  6  to  6  amperes.  After  having  had  the  benefit  of 
Mr.  Solomon's  experience,  with  numerous  excellent  hints  from  him  as  to 
experimental  details,  the  author  built  and  studied  the  behaviour  of  a  number 
of  these  furnaces.  Experience  showed  that  the  point  in  them  most  likely 
to  fail  was  the  contact  between  the  platinum  electrode  and  the  tube. 
Further,  that  the  material  had  a  veiy  large  coefficient  of  expansion,  and 
that,  probably  largely  on  this  account,  severe  strains  were  set  up  between 
the  outer  and  inner  layers  on  fairly  rapid  heating  and  cooling,  thus  tendii^ 
to  make  the  life  of  such  a  furnace  very  uncertain. 
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In  order,  therefore,  to  avoid  the  necessity  of  havmg  contacts  on  the  tubes 
cftpable  of  canying  felativelj  large  currents,  and  the  oonsequflut  sevwe 
Btram  on  the  parts,  the  author  conceived  the  idea  of  reaching  the  high 
temperature  desired  by  a  "  cascade "  arrangement  such  as  is  familiar  in  all 
the  older  methods  of  obtaining  low  temperatures.  To  reach  a  temperature 
of  2000°  C,  it  was,  therefore,  arranged  to  only  put  through  the  tube  itself 
snf&cient  energy  to  raise  its  temperacare  1000°  0.  above  its  surrounding, 
and  to  keep  the  surrounding  itself  at  about  1000°  C.  by  means  of  a 
protectii^  jacket  heated  in  any  convenient  way  by  an  independent  electrio 
circuit 

III. 

Fig.  (1)  shows  the  arrangement  adopted  in  the  small  type  of  vertical 

furnace  used  in  tbe  experiments  detailed  later.    AB  is  the  central  conducting 

tube,  which  in  this  case  was  about  10  mm.  internal  diameter  and  60  to 

70  mm.  long.    CD  is  a  tube  of  hard  porcelain  or  other  suitable  refractory 

+  • 


Fig.  I. — Diagrammatic  aketcb  of  furnace  for  platinum  melting-point  detennimationii 
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material,  30  to  40  mm.  intemal  diameter,  on  which  ia  wound  the  heating 
Bpiiiil  of  nickel  wire,  protect43d  from  oudation  by  seme  Buitable  means. 
The  apace  between  is  filled  with  powdered  zirconia,  which  shoold  not  contain 
any  appreciable  admixture  of  any  other  substance,  otherwise  it  gradually 
becomes  a  conductor  at  very  high  temperatures.  When  the  fnmace  is  in 
action,  in  this  layer  of  zirconia  there  is  a  falling  gradient  of  temperature 
from  the  centre  outwards,  which  suffices  to  prevent  the  nickel  spiral  from 
becoming  unduly  heated  by  radiation  from  the  inner  tube.  The  current 
is  led  into  the  tube  by  platinum  flexiblee,  enveloping  it  at  A  and  B  and 
joined  by  antogen  soldering  to  nickel  or  plantinum  wires  leading  to  suitable 
terminals. 

To  a  aimtlar  pair  of  terminals  on  the  nickel  wire  beating  circuit  is 
connected  an  appropriate  source  of  current  with  r^ulator  and  ammeter. 

To  enable  the  tube  to  be  heated  fairly  uniformly  to  above  the  upper 
electrode,  it  is  sunk  20  or  30  mm.  below  the  level  of  the  top  of  the  nickel 
spiral,  and  a  month-piece  of  rather  wider  unglazed  porcelain  tubing  is 
slipped  over  its  upper  end,  which  can  be  closed  if  necessary  by  a  stopper. 
A  capillary  tube,  made  of  the  eame  mixture  as  the  furnace  tube  proper,  may 
be  fitted  below  for  the  introduction  of  any  gas  desired. 

To  light  up  such  a  fnmace  current  sufficient  to  dissipate  100  to  300  watts 
is  passed  through  the  nickel  spiral,  the  safe  maximum  amount  of  energy 
supplied  during  the  heating  up  of  furnace  depending  on  the  details  of  con- 
struction and  the  nature  of  the  protecting  medium  in  which  the  nickel  is 
buried.  As  a  rule,  less  than  half-an-honr  suffices  to  bring  the  central  tube 
to  a  red  beat.  The  terminals  of  the  tube  are  meanwhile  connected  to  the 
supply  of  current  at  from  200  to  500  volte.*  Since  the  temperature 
coefficient  of  practically  all  solid  electrolytic  conductors  ia  negative  and  very 
large,  the  current  in  them  becomes  unstable  at  very  high  temperatures, 
unless  a  sufficient  steadying  resistance  is  always  left  in  series  with  them. 
For  furnace  work  It  suffices  if  20  to  25  per  cent,  of  the  whole  volts  of  the 
circuit  are  dropped  on  the  series  resistance. 

Care  should  be  taken  with  furnaces  run  for  long  periods  at  vety  high 
temperatures  that  the  temperature  of  the  electrodes  does  not  rise  beyond 
the  melting-point  of  platinum.  Though  this  is  easily  arranged  for  in  the 
design  of  small  tube  furnaces,  it  becomes  more  difficult  to  ensure  in  those  of 
larger  size.  In  these  the  conductor  is  arranged  in  the  form  of  a  reel,  the 
electrode  wires  wound  round  the  wider  part  at  the  ends  being  thus  more 
easily  kept  relatively  cooL 

*  Short  fumacea  can  be  lit  np  on  a  lOO-rolt  dronit, 
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rv. 

In  the  type  of  furnace  joat  described,  when  about  150  joules  are  generated 
in  the  jacket  circuit,  a  current  of  about  2  amperes  suffices  to  take  the  central 
portion  to  about  2000°  C,  the  volts  dn^ped  on  the  tube  depending  on  the 
distance  between  the  electrodes  and  the  condition  of  the  tube  material,  but 
rarely  exceeding  100  volts  at  the  higher  temperatures,  and  often  being  only 
60  or  80.  It  waa  found  that  with  a  well  designed  regulating  resistance,  the 
control  of  the  temperature  of  the  inner  walls  of  these  surfaces  was  so  perfect 
between  800°  and  2000^*  C,  that  well-defined  melting-points  could  be  obtained 
in  them  on  very  small  quantities  of  substance.  Using  a  suitably  supported 
thermojnnction  of  bare  platinum,  with  platinum-rhodium  or  platinum-iridium, 
it  was  found  possible,  even  with  fairly  rapid  heating,  to  obtain  very  conoordant 
values  for  the  melting-point  of  the  platinum  wire  fonning  the  junction.  It 
waa  further  obvious  that,  if  the  melting-point  of  platinum  were  accurately 
known,  this  method  would  furnish  an  excellent  and  easily  determined  high 
temperature  fixed  point  for  thermojunction  Btandardisation. 

V. 

Having  in  the  laboratory  a  considerable  number  of  specimens  of  platinum 
and  platinum  alloys  of  different  composition  &om  different  sources,  some  of 
which  had  been  accurately  studied  as  thermojunctions  over  a  large  range,  a 
selection  was  made  from  these  of  a  number  of  characteristic  specimens,  giving 
widely  different  electromotive  forces,  and  the  formula  oonnecting  the  thermo- 
electromoUve  force  with  temperature  waa  carefully  determined  for  each.  In 
most  cases  this  was  done  by  direct  comparison  in  a  specially  arranged  electric 
furnace  with  the  laboratory  standards,  from  somewhat  below  400°  C.  to  over 
1250°  C.  In  certain  other  cases  the  standardisation  was  made  by  means  of 
selected  fixed  points.  The  details  of  these  methods  of  standardisation  and  of 
the  potentiometer  used,  which  was  specially  designed  for  thermoelectric  work, 
were  described  in  the  author's  earlier  paper  on  the  "  High  Temperature 
Standards  of  the  National  Physical  Laboratory,"  published  in  the  'PhiL 
Trans.'  for  1904,  voL  203,  pp.  348  to  384  As  a  measure  of  the  accuracy 
attained  it  will  suffice  to  say  that  the  coefficients  for  the  type  of  formula 

were  calculated  by  least  squares  for  each  junction  from  the  observations  made, 
and  that  in  a  comparison  of  six  junctions  with  two  standards  embracing  10  to  12 
temperatures  spaced  fairly  r^ularly  between  -100*  and  nearly  1300°  C,  it  waa 
seldom  that  the  difference  between  the  observed  values  of  the  KM.F.  of  any 
junction  at  any  point,  and  the  value  of  the  KM.F.  for  that  temperature 
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calculated  from  the  formula,  differed  by  ae  much  as  1°  C,  and  in  no  single  case 
exceeded  2°  C. 

The  type  of  formula  chosen  ie  the  eame  as  is  given  in  the  paper  previously, 
referred  to,  and  the  scale  of  temperature  adopted  is  the  one  there  defined, 
which  was  shown  to  agree  within  the  limite  of  error  with  the  scale  o( 
temperatore  used  at  the  Beichsanstalt,  as  established  hy  the  experiments  of 
Holbom  and  Day.  Below  300°  C.  a  formula  of  this  kind  having  a  term 
which  does  not  vanish  when  t  =  Oj  does  not  represent  the  E.M.F.  exactly, 
since  from  about  this  temperature  downwards  there  is  a  marked  change  in  the 
curve  of  E.M.F.  for  all  junctions  made  of  the  platinum  metals,  and  on  this 
account,  therefore,  it  is  not  permissible  to  use  any  of  these  formulee  for  down- 
ward extrapolation  except  over  quite  a  limited  range.* 

■      VI. 

The  experiments  with  each  junction  were  made  as  follows: — The  two 
wires  selected  were  melted  tc^ther  in  a  small  oxidising  oxyhydrt^n  flame, 
and  after  cooling  the  whole  was  mounted  on  a  convenient  insulating  stand 
with  fine  adjustments.  The  "  hot "  junction  was  brought  to  a  central  position 
in  the  heated  furnace  at  an  appropriate  height,  and  the  two  "  cold  "  junctions 
were  placed  in  glass  tubee  in  ice. 

The  observer  then  followed  the  the  rise  of  KM.r.  on  the  potentiometer 
while  an  assistant  gradually  increased  the  furnace  current  as  required.  When 
the  melting-point  of  platinum  was  reached,  if  the  rate  of  rise  were  not  very 
much  too  rapid,  an  exceedingly  well  marked  halt  was  obtained.  During  the 
halt,  the  duration  of  which  depended  of  course  on  the  rate  of  heating  of  the 
furnace,  one  of  three  things  usually  happened,  the  particular  phenomenon 
observed  depending  on  the  relative  position,  diameter  and  state  of  tension 
of  the  wires  forming  the  thermocouple. 

Either,  first :  The  wires  sprang  away  from  one  another,  one  of  them  usually 
coming  into  contact  with  the  side  of  the  tube.  The  moment  when  this 
occurred  was  always  easily  rect^isable  on  the  potentiometer. 

Or  secondly :  A  globule  of  molten  platinum  formed  on  the  end  of  the  wires. 
This  sometimes  attained  such  dimensions  as  to  drop  off,  thereby  breakii^ 


Or  possibly,  third  :  The  globule  of  platinum  formed  gradually  climbed  up 

*  Frofeaaor  Callendar  in  his  article  on  therm  oelentricitj'  in  the  auppletnentu;  volaiuee 
of  the  Encjcloptedia  Britannica  sa^  "  Holbom  and  Da,j  hare  gone  bttck  to  Tait^e  method 
at  high  temperaturea,  employing  area  of  parabolas  for  limited  langee.  Bat  ainoe  the 
parabolic  formula  is  certainly  erroneous  at  low  tempeiatnrea,  it  can  hardly  be  trusted  for 
eztrapolatioD  above  ICKW*  C."  The  reeolta  given  later  aeem,  however,  to  render  it  highly 
probable  that,  contraiy  to  expectation,  upward  extrapolation  it  jnatifiable. 
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the  rhodio-platinum  or  iridio-platioum  wire,  to  a  higher  position  in  the 
furnace.  Daring  its  movemeat,  small  temperature  oscillations  are  observed 
on  the  potentiometer,  amounting  to  perhaps  2°  or  3°.  The  molten  platinum 
did  not  appear  to  sensibly  attack  the  otlier  wire,  any  irt^ularities  on  its 
surface  beii^  practically  as  sharply  marked  after  the  experiment  as  before  it 
and  its  total  length  remaining  unaffected. 

Provided  the  furnace  wall  near  the  junction  were  nowhere  allowed  to  rise 
beyond  the  melting-point  of  the  ptatinwm-rhodiwm  or  platinum-iridiiim  wire 
(which  with  10  per  cent  allo3rs  is  in  each  case  much  above  that  of  the  pure 
metal),  the  temperature  attained  by  the  drop  of  molten  platinum,  whichever 
of  the  above  alternatives  happened,  was  very  steady  and  independent  of  the 
current  in  the  furnace.  There  was  usually  no  difficulty  in  repeating  the 
setting  of  the  potentiometer-slider  for  the  same  junction,  without  looking  at 
it,  to  less  than  1°  C,  if  the  conditions  are  not  greatly  changed.  Provided  the 
immersion  in  the  furnace  ie  sufficient,  and  that  there  is  an  ascending  gradient 
of  temperature  from  the  furnace  mouth  downwards,  varying  the  immersion 
considerably  makes  no  difference  in  the  point  of  balance  attained.  After 
having  bad  the  method  once  explained,  an  observer  not  &miliar  with  the 
apparatus,  who  was  quite  unprejudiced  aa  to  what  value  of  Che  thermal  force 
or  temperature  to  expect,  was  able  at  once  to  take  an  observation,  agreeing 
to  within  about  2*^  C.  or  the  mean  value  previously  obtained  from  a  number  of 
experiments  with  the  junction  in  question. 

VII. 

In  Table  I  (p.  242)  a  summary  is  given  of  the  values  obtained  in  66  deter* 
fflinations  made  on  the  melting-point  of  platinum,  no  observations  recorded  in 
the  note-book  having  been  arbitrarily  rejected. 

Three  different  furnaces  were  used — a  few  experiments  having  been  made 
in  one  arranged  horizontally — and  for  many  of  the  junctions  perfectly  inde- 
pendent detenniuations  were  made  on  different  days.  For  the  sake  of  better 
showing  the  d^ree  of  concordance  obtained,  the  individual  observations  made 
with  junction  T„  a  commercial  lO-per-cent  iridium  of  medium  thickness — the 
first  set  taken — are  given  in  Table  II  (p.  242).  This  set  were  all  made  on 
one  day,  but  by  three  different  observers,  one  of  whom  had  had  no  previous 
experience  of  the  method. 
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Table  L — Summaiy  of  Determinatione  of  the  Melting-Point  of  Platinum 


Junctiini. 

D»t«. 

Obwarerfc 

No.  of 
operiment.. 

found. 

Lowert 
found. 

UeuL 

% 

190*- 
Bqi(«inberl6  ... 

J.A.H. 

W.  H. 

H.  a  H.  0. 

7 

1718 

1709 

1711 

M, 

J.A.H. 

4 

1709 

1707 

1708 

N.  P.  L.  8 

October  la    

B.T.  a 
J.A.  H. 

9 

171« 

1709 

I7U 

October  2S    

1906— 

Janiurjie   

JsnuurSS   

19M- 

OctoberSe    

October  27    

1906- 

Febnur7«  

J.A.H. 
J.A.H. 

1« 
10 

iTor 

17U 

1708 
1708 

1706 
1707 

u. 

Jannuyie   

H.  0.  H.  0. 
J.A.H. 

8 

1705 

1702 

1704 

H. 

J>iiiiU7l6   

H.  C.  H.  0. 
J.  A.  H. 

8 

1698 

1891 

1892 

T» 

JamuijSS    

Janair^U    

J.  A.  H. 

18 

1696 

leM 

1696 

T„ 

JMUM78I   

J.A.H. 

8 

1718 

1711 

1712 

Table  II. — Observations  on  Melting-Foint  of  Platinum  with  Junction  T^ 
(Commeicially  Pure  10-Per-Cent  Indium  from  J.,  M.  and  Co.) 


No. 

Dute. 

Observer. 

Value  foiud. 

Mean  of  group. 

1 

September  16,  190* 

J.  A.H. 

1709 

_ 

2 

.1 

,,               

„ 

1713 



♦ 

,               ^    

W.H. 

1711 

1711 

B 

,               ,,    

J.  A.H. 

1709 



« 



1712 



7 



H.  C.  H.  C. 

1713 

~- 
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VIII. 
In  Table  III  (pp.  244 — 245)  are  summarised  further  data  regarding  the 
different  junctions,  which  are  here  grouped  according  to  their  composition. 
Column  I  gives  the  diBtinguishiog  number  of  the  junction. 
II  its  composition. 

III  the  diameter  of  the  wires  forming  the  junction. 

IV  its  formula  directly  obtained  hy  comparison  with  standards  or  at 

fixed  points  between  400°  C.  and  1250°  C. 
V  the  error  of  the  formula  at  0°  C. 

VT  and  VII  the  BenBiiiveness  or  "  thermoelectric  power "  of  the 
junction  at  400"  C,  and  1700"  C,  respectively, 
Vin.— Percentage  of  the  t*  term  qf  the  EMJ".  at  1700°  C.  of  the 
whole  E.HJP.  at  the  same  temperature. 
IX — Mean    value    of    the    E.M.F.  in    microvolts    given    by    the 
jnnction  at  the  melting-point  of  platinum. 
X. — Number  of  experiments  made. 
XI. — Mean  value  given  by  the  junction  for  the  melting-point  of 
platinum  in  d^rees  Centigrade. 

Junction  N.  P,  L.  3  was  part  of  the  stock  of  lO-per-cent  plat-rhod.  alloy 
obtained  from  Heraus  in  1901.  Full  particulars  regarding  junctions  N.  P.  L. 
1,  2,  and  3  made  of  this  wire  are  given  in  the  author's  paper  on  high- 
temperature  standards  previously  alluded  ta  Some  of  the  observations  in 
the  second  set  included  under  this  heading  were  made  with  junction  N.  P.  L  2, 
the  actual  wire  used  in  the  direct  gas-thermometer  comparisons.  The  Uiree 
wires  coincide  to  within  the  limits  of  accuracy  attainable 

T|g  is  a  sample  of  extremely-carefuUy  prepared  wire  from  Messrs.  Johnson, 
Matthey  and  Co.,  made  under  the  personal  direction  of  Mr.  George  Matthey, 
F.RS.,  to  whose  kindness  the  laboratory  is  indebted  for  the  care  spent  on  the 
preparation  and  analysis  of  a  number  of  specimens  of  these  platinum  alloys. 
Analysis  revealed  no  trace  of  any  other  metal  present  but  platinum  and 
rhodium,  the  figures  obtained  for  these  elements  being 

Pt  =  89-9.        Eh  =  8-98 
both  being  directly  determined. 

IX. 

T]^  is  a  unique  specimen  in  that  it  consists  in  what  is  probably  the  first 

wire    investigated    thermoelectrically,    made     from     the     large     mass    of 

exceptionally  pure  platinum-iridium  prepared    by    Mr.  Matthey    for  the 

construction  of  the  "  ^talons  prototypes  "  of  the  kQogramme  and  metre  for  the 
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Table 


Pore  rhodium  alloja — 

Oeniiftn  rhodium  lO-per-oent. 
SII07  from  Hariut,  1901 

PnrMt  Bngliah  riKMUom  10-per. 
oenL  aDo;  from  JohnMn, 
Htttthej  and  Co.,  1904 


.  riiodium  alloyi — 
ComroeNial  lO-per-osot.  ihodium 

from  J.,  H.  and  Co.,  1908 
Ditto,  k  Moond  Mmple  formeriT 

called  T, 

Pan  iridium  alloj  — 
Puraat    Englith    iridiiun  kilo; 
drawn  from   "ftalon"  wire, 
J.,  M.  Mid  Co.,  1904 

Oomtaercial  iridiiun  bUotb — 
10-per-o«nt.  eommeroial  iridium, 
J.,  M.  and  Co.,  1004 

Ditto,  MHUber  aamj^,  1904. 

„  1908 


0-62 
0-fil 


0-4S 
O'Sl 


Bhodio-pl>tinum  aninst  iridio^ 
platinum — 
Iridiom  alloj  of  same  aample  aa 

T,  againct  Aodinm  alio;  of 

same  lample  ai  Tj,. 


-  804  +  8 '166/ +  0 -OOlMSf* 
-ae0*T-968t+Q-00lB42fi 


-892  +  11 -65f+0-00I245<* 
-446  +  11 -6»7f-f  0-001416^ 


-  409  +  IS -7636;  +  0 -OOOTSSgf* 


-44a  + 16  -6967(  +0  ■000784B(> 


+  4  +  4 -03691 -0 -OOOeSOW* 


International  Commission  of  Weights  and  Measures  in  1886.  The  analysis 
made  by  Stas  and  by  St.  Claire  Seville  of  two  samples  of  this  alloy  gave  a 
mean  value 

Pt  = 89-841 

Eh  = 0-135 

Ru  = 0-034 

Fe  = 0066 

Ir  = 9-880 

99-956 

all  the  conatitnents  being  determined  directly,  and  not  by  difTerence.  This 
alloy  serves  as  a  stFandard  of  comparison  for  aU  junctions  of  platinum-iridlum 
wire. 


d  by  Google 


1905.]        Furnace,  arid  the  Melting-Point  of  Platinum. 
III. 


V. 

Error  of 
formula 
tt<fO. 

VI. 
«(f  0. 

VII. 
ITOOfO. 

VIIL 

««tennxlOO 
whole  E.lt.F. 

rtiToro. 

IX. 

M«uinlw 
of  mioro. 
ToltaatthB 

m 

X. 

No.<rf 
meiito. 

XI. 
HniiTaliw 

degree.  C. 

•0. 
-87 

-31 

-60 
-88 

-26 

-as 

-86 
-60 

+  1 

9-48 
9-48 

ias6 

12-81 
ie-86 

16-38 

16 -6« 
16-46 

8-« 

ia-82 

M-21 

16-78 
16-fil 

18-26 

18-19 

21  18 
.    19-62 

1-8 

F«r  oent 
+  26 

+  29 

+  16 
+17 

+  7 

+  7 

+  17 
+  13 

-40 

18680 
18693 

22690 
28416 

28681 

38682 

80600 
38840 

4906 

9 
10 

3 

18 

18 

7 

4 
3 

i7ia 

1707 

1704 
1696 

1706 

1711 

1708 
1693 

1712 

Tg  and  M,  are  specimens  supplied  commercially  to  the  laboratory  at  different 
datea,  the  products  being  stated  to  be  of  high  commercial  parity.  M,  is  repre- 
sentative of  several  alloys  of  a  similar  character,  not  definitely  called  "  pure," 
bat  sold  simply  as  lO-per-cent  alloy,  the  qaality  of  the  platinum  wire 
forming  the  other  side  of  the  junction  being  also  unspecified.  M^  and  T,q  are 
10-per-cent  rhodium  alloys  of  similar  quality  bought  at  different  times,  and 
Tg  is  a  junction  composed  of  the  same  alloy  of  iridium  as  the  sample  used  in 
junction  T„  against  Uie  rhodium  alloy  used  in  T^  It  will  be  noticed  that 
the  sensitiveness  of  this  junction  is  only  about  a  quarter  of  that  of  a  pure 
platinum-rhodium  alloy  against  platinum,  and  that  it  dimintghea  fairly  rapidly 
with  increase  of  temperature.  In  the  experiments  with  this  junction  the 
melting-point  was  taken  of  a  small  piece  of  pure  platinum,  which  was  twisted 
several  times  round  the  junction  of  the  two  wires.  After  melting,  this  formed 
VOL.  LXXVL— 1.  B 
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into  a  large  drop,  which  sarrotmded  the  point  of  contact  of  the  two  alloy 
wireB. 

The  specimens  of  platinum  used  in  maldug  up  the  junctions  were  not 
specially  analysed  at  the  laboratory.  Five  separate  samples  were  utilised.  It 
is,  however,  certain  that  the  specimens  used  in  the  first  four  junctions  and  in 
the  experiments  with  Tj,  were  of  very  high  quality,  but  it  was  found  that  the 
wire  used  in  M^  and  Mj,  when  tested  thermoelectrically  against  that  of  T,, 
and  T|(,  gave  an  appreciable  thermoelectric  force  at  the  higher  raises,  and  it 
is  probably  owing  to  this  cause,  and  not  to  any  lowering  of  the  freezing-point 
of  the  platinum  by  impurities,  that  the  two  low  values  1692°  and  1695°  are 
dne. 

X. 

Rejecting,  therefore,  these  two  determinations,  the  agreement  between  the 
remaining  seven  junctions  ia  of  such  a  character  that  it  appears  highly  pro- 
bable that  the  value  1710°  C.  represents  to  within  6°  C.  the  melting-point  of 
platinum  as  determined  by  the  thermoelectric  method. 

It  may  be  objected,  however,  that  in  epite  of  the  good  agreement  of  deter- 
minations made  with  so  many  junctions,  whose  carves  of  E.M.F.  against 
temperature  differ  so  widely  from  one  another,  both  as  regards  slope  and 
degree  of  curvature,  the  extrapolation  of  a  formula,  which  is  only  known  to 
hold  over  s  range  of  about  800°  C,  to  cover  an  additional  500°  C,  is  ui^usti- 
fiable,  and  that  it  is  quite  possible  an  intermediate  point  on  the  extrapolated 
part  of  the  curves  might  not  show  such  good  agreement. 

XI. 

It  was,  therefore,  decided  to  determine  the  freezing-point  of  nickel  with 
some  of  the  junctions  as  control  Table  IV  gives  the  result  of  these 
determinations  summarised.  The  nickel  used  was  a  very  pure  sample  of 
nickel  berries  from  Brunner,  Mond  and  Co.,  made  by  the  Mond  process  and 
found  by  analyses  made  at  the  laboratory  by  Dr.  Carpenter  to  contain 
99-6  per  cent  nickel  before  fusion.  Three  careful  experiments  made  in  an 
electric  furnace  in  a  reducing  atmosphere  by  the  ordinary  crucible  method 
with  junction  N.  P.  L.  2.  gave  1428°,  1429°,  and  1427°  C. ;  a  previous 
determination  made  on  the  same  material  by  Dr.  Carpenter  on  a  much 
larger  scale,  using  a  wind  furnace  and  a  junction  from  the  same  stock  of 
wire  as  T„  gave  1427°  C.  as  the  temperature  of  the  commencement  of 
solidification.  In  both  these  determination  the  junctions  were  protected  by 
thin  fire-clay  tubes.  The  two  perfectly  independent  results  agree  within 
far  less  than  the  probable  error. 

Some  further  observations  showed  that  it  was  quite  easy  to  obtain  s  well- 
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defined  melting-point  of  a  small  granule  of  nickel  round  which  the  junction 
was  wrapped,  without  sensible  oxidation  of  the  metal,  in  the  new  type  of 
furnace  used  for  the  platinum  points.  Preliminary  experiments  with 
difTerent  conditions  of  immersion,  etc.,  showed  that  the  melting-point  thus 
obtained  agreed  satisfactorily  with  the  standard  method  even  when  no 
spedal  gas  was  passed  through  the  furnace,  and  that  any  nickel  volatilised 
or  diffused  into  the  thermo-junction  wires  only  affected  these  for  a  few 
millimetres  of  their  length  over  the  part  actually  in  contact  with  the  metal. 
The  results  obtained  with  the  six  junctions  used  aie  shown  in  Table  IV. 

XII. 

It  will  be  noticed  that  the  junction  1^  which  reads  14°  C.  low  at  the 
platinum  point  is  low  by  a  similar  amount  at  the  nickel  point,  but  that  the 
first  four  junctions  given  in  the  table  agree  fairly  well,  tliose  which  are  low 
at  the  platinum  point  being  also  low  near  1400°  C. 

These  data  furnish  an  answer  to  the  possible  objection  which  might  be 
urged  f^ainst  the  method  that  the  comparative  agreement  at  1 700°  C.  is  really 
fortuitous. 

Table  IV. — Melting-Points  of  Nickel  and  Platinum  Compared. 

(Hort  probable  vslae  for  niokel  1427°±8''  0.,  for  pUtinnm  1710°±5°  C.) 


Date  of  ezperiiDents. 


1005— 

January  26,  J.  A.  H 

190i— 

Norember  U,  H.  C.  H.  0. 

foradble  method) 
1906— 

January  28 

88 

„        81 

February  6 


No.  of 

Plstinam 

Divergence 

from 

point  OQ 

probable 

nickel. 

junction. 

8 

1428 

+   1 

1712 

1 

1427 

40 

1711 

+   1 

2 

1420 

-  7 

1707 

-  8 

1423 

-  6 

1706 

-  6 

1412 

-16 

1696 

-14 

1419 

-  8 

1712 

+  2 

The  value  given  by  these  experiments  for  the  melting-point  of  platinum, 
1710°  ±  6°  0., 
is  very  considerably  lower  than  the  previously  accepted  numbers.  Of  these 
earlier  determinations  undoubtedly  the  most  important  is  the  one  made  by 
VioUe,  which  was  a  calorimetric  estimation,  depending  on  the  extrapolation 
of  a  value  determined  for  the  specific  heat  of  platinum  from  1200°  0.  upwards. 
VioUe's  value  ia  usually  given  as  1780°  0,    In  hia  own  memoir  he  eays  that 
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if  this  value  is  in  error  it  will  proljably  be  foand  to  be  too  high,  as  platinum 
is  a  metal  which  softens  gradually,  and  when  in  this  state  the  specific  heat 
will  probably  be  intermediate  between  that  of  the  solid  and  the  liquid,  thus 
leading  to  an  error  in  this  direction. 

XIII. 

A  few  further  words  may  be  said  regarding  the  furnaces,  one  tj'pe  of  which 
is  here  described.  Preparationa  are  now  being  made  for  building  them  on  a 
much  larger  scale,  and  it  is  hoped  to  publish  shortly  a  further  account  of 
their  construction  and  uses.  In  addition  to  their  use  for  work  such  as  is  here 
detailed,  the  type  of  furnace  appears  to  be  capable  of  numerous  applications, 
both  scientiGc  and  technical. 

Of  the  scientific  applications  might  be  mentioned  ita  use  in  the  determina- 
tion, at  steady  high  temperatures  in  the  absence  of  noxious  gases,  of  the 
general  physical  properties  of  bodies,  such  as  their  coefficient  of  expansion, 
density,  and  specific  heat  in  both  liquid  and  solid  states,  and  also  vapour 
density  and  dissociation.  A  horizontal  form  could  easily  be  arranged  for 
softening  and  annealing  of  long  lengths  of  continuous  wires,  particularly 
such  as  cannot  be  directly  heated  electrically  by  current. 

It  is  quite  easy  to  arrange  such  a  furnace  to  work  in  vacuo,  and  in  this 
form  it  might  be  of  use  in  many  chemical  investigations.  In  the  preparation 
of  metals  like  silver  for  such  work  as  the  determination  of  its  electro-chemical 
equivalent,  where  the  highest  possible  purity  of  the  product  is  desirable,  it 
would  be  quite  easy,  with  an  appropriate  form  of  furnace,  to  refine  by  distil- 
lation considerable  quantities  of  material,  as  was  done  by  Stas  in  his  classic 
researches. 

The  method  of  distillation  in  the  oxyhydrogen  blast  employed  by  Stas 
suffers  from  an  obvious  disadvantage  in  that  he  says,  after  describing  the 
prooess — "  Je  dois  avouer  toutefois  que  dans  lea  operations  que  je  viens  de 
d^crire  la  moitii  au  Tiwint  de  I'argent  employe  a  ^t^  perdue."  In  addition  to 
avoiding  this  great  loss  of  material,  the  liability  of  the  metal  to  occlude  gases 
would  in  the  new  furnace  probably  be  much  diminished. 

For  work  on  radiation,  and  as  a  "  black  body,"  some  rough  preliminary 
experiments  have  shown  the  great  advantages  of  this  type  of  furnace  over  the 
carbon  tube  type,  which  lasts  only  a  very  short  time,  takes  a  very  large 
current,  and  gives  off  large  quantities  of  poisonous  carbonic  oxide  gas 

For  the  realisation  of  the  Violle  Standard  of  light,  in  which  the  unit  is  the 
amount  of  light  given  off  by  1  sq.  cm.  of  pure  platinum  at  its  freezing- 
point,  it  is  likely  a  furnace  of  this  type  might  be  very  convenient,  since  it 
might  easily  be  designed  to  rentier  possible  the  desired  result  with  a  much 
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smaller  qnaDtity  of  platinum  than  has  hitherto  been  thought  necesaarf ,  and 
at  the  same  time  greatly  increase  the  time  of  solidification,  the  only  period  in 
each  experiment  during  which  measurementB  can  be  made. 

xrv. 

In  conclusion,  I  have  to  thank  Mr.  Swinburne  for  several  suggestions  made 
at  the  beginning  of  the  work ;  Sir  William  Orookes  for  kindly  replying  to 
queries,  and  for  sending  valuable  references  bo  the  chemical  literature  of  the 
rare  earths  forming  the  tubes;  my  friends,  Mr.  R.  9,  Hutton,  lecturer  in  electro- 
chemistry at  the  Manchester  University,  for  references  to  the  American 
literature,  Mr.  Sheppard,  of  the  British  Nemst  Light,  Limited,  for  advice  on 
practical  points,  and  especially  Mr.  Maurice  Solomon,  for  placing  at  my 
disposal  valuable  knowledge  gained  in  his  experience  of  Kemst  filament 
making.  Thanks  are  also  due  to  Mr.  6.  Mattbey,  F.R.S.,  who  provided  the 
very  pure  metals  and  alloys  used  as  thermo-junctiona  ;  and  to  the  Director  of 
the  laboratory  for  provision  of  special  facilities  for  this  research,  including 
the  addition  to  the  thennometiic  department  of  a  specially-designed  switch- 
board and  safe  regulating  resistances  for  the  250  and  500-volt  circuit  of  the 
local  electric  supply. 

A  list  of  the  more  important  references,  to  work  on  electrolytic  conductivity 
and  furnaces,  and  to  earlier  determinations  of  the  melting-point  of  platinum, 
is  given  below. 

XV. 

UST  OF  BEFERENCES  TO   WORK  ON  SOLID  ELECTROLYTES. 

Jablocbkoff  in  1877  showed  that  half-baked  kaolin  conducts  when  hot, 

Nernst.    British  Patent,  Mo.  IQ424.    1897.    A  minnte  hoUow  cylinder  of  burnt  magneaia 

will  run  as  a  lamp. 
Nemst.    British  Patent,  No.  613fi.     1898.    Deals  with  differences  in  behaviour  of  pnre 

materiaU  and  miituivH  as  lamp  filaments.    Pure  magnesia  only  works  with  great 

difficulty.    Best  materialH  for  permanence  at  very  high  l«n)peratures  are  zirconia 

and  oxidea  of  the  zirconia  group. 
Nernst  and  Wild.      '  Zeitschrift  fUr  Electrophemie,'  vol.  7,  p.  S73,  December,  I90a 

"  Efficiencies  of  Various  Mixtures  as  Filaments." 
Potter.    Americjm  Patents,  Nos.  652,640  (1900),  716,505  (1902),  719,607  (1903). 
Nemst.    '  Gilttinger  Nachrichten,'  1903,  vol.  2,  alludes  to  an  attempt  to  use  tubes  of  solid 

electrolytic  conductors  as  a  furnace  for  vapour  density  determinations.     He  discards 

these  in  favour  of  the  iridium  tube  furnace  described. 
Nemst     'Zeit«chrift  tUr  Electrochemie,'  vol.  9,  p.  623.    Fuller  description  of  same  work. 
Reynolds.    'Gattingen  Dissertation,'  1903.     "Resistance  of  Solid  Electrolytes  at  High 

Temperatures," 
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LITERATURE  OF  MELTING-POINT  OF  PLATINUM. 

Violle.  'ComptoB  Bendas,'  vol  8S,  p.  043,  and  vol  93,  p.  866,  1881,  gives  1776°  and 
1779°  C.  aa  determinations  made  by  his  calorimetric  method. 

Holbomand  Wien.  'Wied.  Annalen,' toL  47,  p.  107,  1892,  and  vol.  56,  p.  360,  by  thermo- 
electric method  obtain  17flO°. 

Nernat  '  Phjaikalische  ZeitHchrift,'  vol  4,  p.  733,  1903,  and  '  Wied.  Ann.  Beiblatter,' 
vol.  2fi,  p.  686.  Obtains  by  an  optical  method  1782°  aa  melting-point  of  platinvm  in 
iridium  tube  furnace. 

Older  determinationB  by  Becquerel,  Van  der  Weyde,  etc.,  vary  between  1400°  and 
2800°  C. 


The  Atomic  Weight  of  Chlonne:  an  Attempt  to  Determine  the 
Equivalent  of  Chlorine  by  Direct  Burning  with  Hydrogen. 
By  Harold  B.  Dixon,  M.A.,  F.E.S.  (late  FeUow  of  BalUol  College,  Oxford), 
ProfesBor  of  ChemiBtry,  and  E.  C.  Edoar,  B.Sc.,  Dalton  Scholar,  of  the 
University  of  Mauchester. 

(Received  May  3,— Bead  May  18,  1906.) 
(Abstract) 

Although  the  atomic  weight  of  chlorine  has  been  determined  by  Stas  and 
other  chemists  with  extraordinary  cara,  nevertheless  owing  to  the  very  iadirect 
methods  hitherto  used  in  making  the  comparison  between  chlorine  and 
hydrogen,  it  is  possible  that  a  constant  error  may  occur  in  some  link  of  the 
long  chain  of  connecting  ratios.  To  join  up  the  open  ends  of  the  chain  by  a 
direct  comparison  between  chlorine  and  hydrogen,  if  it  could  be  done  with 
reasonable  accuracy,  would  serve  not  only  to  detect  any  such  systematic  error, 
but  would  permit  the  accidental  errors  to  be  distributed  and  prevent  their 
accumulation  at  the  unconnected  end.  According  to  Professor  F.  W.  Clarke 
the  accumulated  "probable  error"  in  his  recalculated  value  for  chlorine 
amounts  to  +0'0048 ;  the  probable  error  of  the  mean  of  our  nine  determina- 
tions is  less  than  +0-002. 

It  was  at  the  suggestion  of  Professor  E.  W.  Morley,  of  Cleveland,  U.S.A., 
that  we  have  attempted  this  direct  comparison  by  determining  the  weight  of 
hydrogen  which  bums  in  a  known  weight  of  chlorine. 

Our  method  was  briefly  as  follows : — 

Chlorine  prepared  by  the  electrolysis  of  fused  silver  chloride  (with  purified 
carbon  poles  in  a  Jena  glass  vessel)  was  condensed  and  weighed  as  a  liquid  in 
a  sealed  glass  bulb.  This  was  attached  to  a  vacuous  "  combustion  globe  "  and 
the  chlorine  allowed  to  evaporate  slowly  into  the  globe.  The  hydrogen 
prepared  by  the  electrolysis  of  barium  hydrate  solution  was  dried  and  then 
absorbed  by  palladium  in  a  weighed  vessel.  The  palladium,  on  being  wanned, 
gave  off  the  hydrt^n,  which  was  ignited  by  a  spark  and  burnt  at  a  jet  in  the 
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combustion  globe  previously  filled  with  chlorine.  The  gases  were  regulated 
so  as  to  maintain  the  hydrogen  flame  until  nearly  all  the  chlorine  had  l^en 
combined ;  then  the  palladium  was  allowed  to  cool  and  the  hydrogen  was 
turned  off  just  before  the  flame  died  out.  The  hydrogen  chloride,  as  it  was 
formed  in  the  flame,  was  dissolved  by  water  standing  in  the  globe,  which  was 
kept  cool  by  ice.  A  little  hydrogen  chloride  was  formed  by  the  action  of  the 
water-vapoar  on  the  chlorine  in  the  flame,  a  corresponding  amount  of  oxygen 
-  being  liberated.  This  oxygen  was  determined  in  the  analysis  of  the  residual 
gases,  n-hicb  contained,  besides  traces  of  air,  the  small  quantity  of  hydrogen 
which  filled  the  capillary  tube  between  the  tap  and  the  jet  when  the  flame 
was  extinguished,  and  any  that  m^ht  escape  unburnt  from  the  flame.  The 
chlorine  remaining  unburnt  in  the  globe  was  about  2  per  cent,  of  that  burnt. 
This  unburnt  chlorine,  as  gas  and  in  solution,  was  determined  by  breaking  thin 
glass  bulbs  containing  potassium  iodide.  The  residual  gases  having  been 
pumped  out  (and  any  iodine  vapour  caught  by  a  wash-bottle),  the  liberated 
iodine  was  determined  by  standard  thiosulphate  in  an  atmosphere  of  carbon 
dioxide.  In  the  calculation  of  the  unburnt  chlorine  the  atomic  weight  of 
chlorine  was  assumed  to  be  35*195,  and  the  atomic  weight  of  iodine  126*015. 

In  each  experiment  we  burnt  between  11  and  13  litres  of  each  gas. 

The  balance,  by  Oertling,  was  fixed  on  a  stone  pedestal  in  an  underground 
cellar.  The  vibrations  of  the  pointer  were  read  by  a  telescope.  Gauss'  method 
of  reversals  being  used.  The  chlorine  and  hydrogen  bulbs  were  counterpoised 
on  the  balance  by  bulbs  of  the  same  glass  and  of  nearly  the  same  displace- 
ment, and  the  small  weights  employed  in  the  weighings  were  reduced  to  a 
vacuum  standard. 

The  following  were  the  corrected  weights  of  hydrogen  and  of  chlorine 
burnt  in  the  several  experiments : — 


Chlorine  combined 

Hydrogen  burnt, 

Chlorine  burnt, 

with  unit  weight 

in  grammes. 

in  grammes. 

of  hydrogen. 

1. 

0-9993 

35-1666 

35-191 

2. 

10218 

35-9621 

36-195 

3. 

0-9960 

35-0662 

35-207 

4 

1-0243 

36-0403 

35-185 

5. 

1-0060 

354144 

35-203 

6. 

0-9887 

34-8005 

36-198 

7. 

1-0159 

36-7639 

35-204 

8 

1-1134 

39-1736 

35184 

9. 

1-0132 

35-6527 

Mean 

35-188 

...    35-196±0-0019 
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In  the  whole  of  these  nine  experiments  91786  grammes  of  hydrogui 
combined  with  323-0403  grammes  of  chlorine,  hence  the  equivalent  weight 
of  chlorine,  calculated  in  mass,  is  35'195. 

The  number  we  have  obtained  for  the  atomic  weight  of  chlorine  is 
appreciably  higher  than  that  calculated  by  F.  W.  Clarke  from  the  previous 
determinations,  and  is  slightly  higher  than  Stas'  value : — 

Clarke's  calculation. 
35179 
35-447 

Since  our  experiments  were  completed  we  have  heard  that  Professor 
T.  W.  Richards  is  engaged  on  a  revision  of  Staa'  work  oti  the  composition  of 
silver  chloride.  G.  P.  Baxter  quotes  the  value  35*467  as  being  obtained  by 
Richards  and  Wells  for  the  atomic  weight  of  chlorine — a  number  slightly 
higher  than  ours. 


stas. 

Dixon  and  Edgar. 

35189 

35196 

H=    1 

36-467 

35-463 

0  =  16 
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Thorianiie,  a  New  Mineral  from  Ceylon. 
By  Wyndham  R  Dunstan,  M.A.,  LL.D.,  F.R.S.,  and  G.  S.  Blake,  A.B.S.M., 
AssiataDt  in  the  Scientific  and  Technical  Department  ot  the  Imperial 
Institute. 

(Kaceived  May  I,— Bead  May  18,  1906.) 

The  mineral  which  forms  the  subject  of  this  paper  was  collected  in  Ceylon 
during  the  progress  of  the  mineral  survey  of  the  island,  which  was  commenced 
in  1903  \mder  Professor  Dunstan's  supervision,  with  the  principal  object  of 
determining  the  extent  to  which  economic  minerals,  such  as  graphite,  mica,. 
et«.,  occur,  and  if  possible  of  disuoveiing  other  minerals  of  commercial 
importance.  The  minerals  collected  by  Mr.  A.  K.  Coomaraswamy  and 
Mr.  James  Parsons,  the  officers  entrusted  with  the  survey  in  Ceylon,  are 
submitted  to  examination  and  analysis  in  the  Scientific  and  Technical 
Department  of  the  Imperial  Institute,  and  are  subsequently  subjected  to  such 
technical  trials  as  may  be  necessary  in  order  to  ascertain  their  precise  uses 
and  to  detennine  their  value. 

Among  the  materials  thus  received  from  Ceylon  at  the  Imperial  Institute 
was  a  small  quantity  of  a  heavy  black  mineral  occurring  chiefly  in  small 
roughly  cubical  crystals.  This  mineral  was,  in  the  first  instance,  furnished  to 
the  officers  of  the  mineral  survey  by  Mr.  W.  D.  Holland,  who  believed  it 
to  be  uraniuite  or  pitchblende.  He  had  previously  sent  specimens  to  several 
persons  in  this  country  under  this  name. 

A  chemical  examination  of  the  small  specimen  received  at  the  Imperial 
Institute  showed,  however,  that  the  mineral  contained  a  large  proportion  of 
thorium  in  the  form  of  the  dioxide  (thoria)  and  only  a  small  proportion  of 
uranium.  It  was  evident  that  this  was  a  new  mineral  chiefly  composed  of 
uncombined  thoria  (ThOj).  Pending  the  arrival  of  more  material  to  enable  a 
further  examination  of  its  properties  to  be  made,  a  preliminary  account  of  its 
composition  and  properties  was  conunnnicated  by  one  of  us  to  '  Nature,'*  and 
the  name  thorianiie  was  su^ested  for  the  substance,  which  contained  at  least 
75  per  cent  of  thoria. 

It  was  also  stated  that  the  mineral  was  radio-active  and  that  it  apparently 
contained  helium,  points  which  would  be  made  the  subject  of  further 
investigation. 

The  publication  of  these  results  was  followed  by  a  communication  to 
'  Nature 't  from  Sir  W.  Bamsay,  who  anriounced  that  he  had  purchased  6  cwt. 
.  *  UftTch  30, 1904,  p.  SIO. 
t  April  7, 1904,  p.  fi33. 
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of  the  mineral  from  Mr.  Hollaud  some  months  previoualy  and  had  been 
eng^^  in  its  examination.  He  was  unable  tu  confirm  the  statement  that  it 
contained  thoria,  but  announced  that  it  had  furnished  considerable  quantities 
of  helium.  In  a  second  communication  to  'Nature'*  Sir  W.  Bamsa; 
modified  the  statement  he  had  prarionsl^  made  that  the  mineral  contained 
ptscticaUj  no  thorium. 

Further  small  supplies  of  the  mineral  baviug  since  been  received  at  the 
Imperial  Institute,  we  have  been  enabled  to  confirm  the  conoloaion  first 
arrived  at  that  the  substance  is  chiefly  composed  of  thoria,  and  we  now  desire 
to  bring  before  the  Royal  Society  an  account  of  this  remarkable  new  mineral 
for  which  the  name  thorianite  is  appropriatei 

A  general  account  of  the  cumposition,  properties,  and  uses  of  thorianite  is 
included  in  Professor  Dunstan's  official  '  Reports  on  the  Sesulta  of  the 
Mineral  Survey  in  Ceylon,  1903-4,'  which  was  issued  as  a  Parliamentary 
Paper  (Cd.  2341)  in  January,  1905. 

Oeeurrenee  of  Thorianiie  in  Ceylon. 

The  following  account  of  the  occurrence  of  the  mineral,  at  first  supposed  to 
be  "  uraninite,"  has  been  given  in  official  reports  by  Mr.  A.  £.  Coomaraswamy, 
B.Sc,  the  Director  of  the  Mineral  Survey  in  Ceylon.  : 

"Mr.  Holland  of  Dikmukulana  has  for  long  taken  an  interest  in  local  mineralogy, 
amongst  other  things  obtaining  specimens  of  '  nampu '  (gem-bearing  gravels)  from 
as  many  localities  aa  possible  by  offering  a  small  reward  to  the  native  '  gemmers ' 
who  bring  it.  It  is  difficult  to  persuade  the  native  that  gems  are  not  required  or 
to  get  him  to  reveal  the  true  source  of  '  nampu.'  These  difficulties  overcome,  the 
examination  of  'nampus'  is  an  ideal  method  of  gaining  a  knowledge  of  heavy 
minerals  of  any  district  Early  in  1903  Mr.  Holland  obtained  '  uraninite '  amongst 
Ids  samples  and  was  gradually  able  to  get  as  much  as  6  cwt  brought  to  him  along 
with  other  stuff.  This  material  was  sent  to  England  and  sold  to  Sir  W.  Ramsay  at 
the  rate  of  £60  for  6  cwt  Subsequently  Mr.  Holland  induced  a  native  to  ^ow 
him  the  source  of  the  material,  and  finding  that  some  quantity  occurred,  he  took 
cut  a  prospecting  license  in  the  full  belief  that  the  locality  was  Crown  land. 

"  Thorianite,  together  with  a  mineral  regarded  as  thorite,  and  a  number  of  other 
heavy  minerals,  is  found  near  Kondunigala,  Bambarabotuwa,  Province  of 
Sabuagamuwa.  The  principal  deposit  occurs  in  and  near  the  bed  of  the  upper 
part  of  the  Kuda  Pandi-oya,  a  small  stream,  which  at  first  occupjnng  a  small  north- 
west and  south-east  strike  valley  north  of  the  Hopewell-Hapugastenna  bridle  path, 
turns  through  nearly  a  right  angle  and  joins  the  Maha  Pandi-oya  a  little  below  the 
same  path.  In  the  bed  of  the  Kuda  Pandi-oya,  and  in  a  small  '  deniya '  swamp 
just  below  the  swamp,  the  thorianite  ia  to  be  obtained  in  considerable  abundance. 
It  could  not  be  discovered  tn  «t<u,  but  it  can  hardly  be  doubted  that  it  is  derived 
from  some  rock  oH'^^moping  not  far  distant  from  the  highest  part  of  the  little 
•  April  14, 1004,  p.  650. 
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etream ;  the  stream  is  so  small  that  after  a  few  days  of  drought  (not  very  ueoal  in 
this  w«t  district)  DO  running  water  is  met  with  above  the  camp.  The  matrix  is  no  doubt 
a  rock  of  granitic  type  similar  to  those  containing  zircon,  allanito,  etc.,  which  have 
been  met  with  elsewhere  in  the  Balangoda  district,  intnisiTe  in  the  Chamockite 
series,  and  classed  as  belonging  to  the  Balangoda  group.  Of  these  rocks  the 
largest  exposure  (a  narrow  lenticular  mass  two  miles  or  more  in  length)  is  that  of 
zircon  granite  on  Massena  estate  (six  miles)  ;*  the  rock  consists  of  felspars,  quarts, 
biotite,  zircon,  and  ilmenite ;  smaller  exposures  of  zircon  granite  are  found  on 
Herimitigala  (eight  miles)  and  Hopewell  estates  (16  miles) ;  at  Denegsma  bridge, 
on  the  road  between  Balangoda  and  Belihul-oya,  and  near  the  91st  milepost  on 
the  same  rood.  There  are  also  similar  granites  without  accessory  minerals 
exposed — e.g.,  ou  the  main  road  about  a  mile  below  Balangoda.  The  allanite- 
granite,  or  pegmatite,  is  best  seen  on  Lower  Denegama  estate,  where  it  occurs  as  a 
dyke  3  or  4  feet  thick,  forming  a.  conspicuous  ledge  in  the  bed  of  the  stream  which 
runs  through  that  part  of  the  estate.  The  rock  is  composed  of  felspars  (chiefly 
orthoclase),  quartz,  biotite,  and  allanite.  The  allanite  forms  thin  tubular  idio- 
morphic  and  larger  irregular  crystals,  the  biggest  having  a  greatest  diameter  of 
3  inches.  Almost  identical  rocks  occur  (1)  in  the  Weweldola  on  Dikmukuhina 
estate  (11  miles),  and  (2)  at  Weligepola  (9  miles).  It  is  important  to  observe 
that  a  pegmatite  rock,  composed  mainly  of  pink  orthocUse,  quarts,  and  biotite, 
with  accessory  apatite,  tourmaline,  ilmenite,  etc.,  has  been  observed  on  Ambalawa 
estate,  Gampola,t  containing,  in  addition  to  the  above-named  minerals,  a  few  cubic 
crystals  of  a  black  mineral  at  first  regarded  as  uraninite,  but  which  is  almost 
certainly  thorianite. 

"  To  return  to  the  Kondurugala  locality,  the  thorianite  is  probably  derived  from 
a  granitic  rock  with  no  very  large  outcrop,  but  in  which  it  occurs  in  considerable 
abundance;  perhaps  together  with  the  zircon,  thorite  and  ilmenite,  which  quite 
possibly,  however,  occur  separately  in  other  rocks  of  a  similar  character.  The 
outcrop  of  this  rock  could  not  be 'discovered  owing  to  the  dense  jungle  and  thick 
soil  and  landslips ;  rock  (mainly  deSompoeed  granulite)  is  indeed  exposed  at  several 
points  in  the  beds  of  the  Kuda  Pandi-oya  and  of  the  small  straams  joining  it,  but 
any  search  for  the  outcrop  of  a  particular  rock  in  the  adjoining  jungle  could  only 
be  expected  to  succeed  at  the  cost  of  a  large  expenditure  of  time  and  money,  and 
might  even  then  result  in  failure. 

"  There  is  a  large  area,  including  at  least  the  whole  of  Sabaragamuwa  and  parts 
of  the  central,  western,  and  southern  provinces,  wherein  this  or  other  rare  heavy 
minerals  may  be  looked  for. 

"  It  is  nnlikely  that  any  very  extensive  deposit  of  any  of  these  rare  heavy 
minerals  will  be  found,  hut  they  may  be  expected  to  occur  at  various  points  in 
moderate  amounts.  In  the  Kuda  Pandi-oya  valley  a  total  of  5  tons  might, 
perhaps,  be  obtained ;  from  the  Alupola-dola  or  the  Kuda-oya  I  doubt  if  half  a 
ton  could  be  profitably  extracted,  but  these  estimates  are  quite  uncertain.  The 
Oampola  occurrence  is  quite  without  commercial  value.  The  total  amount 
actually  obtained  in  Bambarabotuwa,  so  far,  does  not  exceed  16  cwte.  In  the 
*  The  distances  an  quoted  from  Balangoda. 
t  *6polia  Zeylamca,'  voL  1,  part  iv,  I&Oi. 
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immediate  neighbourhood  of  Kondunigalft  the  Wfllaweduwa  jungle  seema  the  most 
faTOUrable  dietrict  for  inTestigation.  An  examination  of  the  Ratganga  valley 
towards  the  west  showed  that  thoriamte  is  abfient  there,  and  that  even  zircoa  is  very 
scarce;  but  on  the  north-east  one  or  two  heavy  minerala  not  yet  determined 
were  actually  obtained  in  the  southern  part  of  the  Walaweduwa  Crown  Forest 
Keeerve,  and  further  work  on  that  aide  of  Kondurugala  might  be  useful  It 
must  be  mentioned,  however,  that  the  district  is  a  very  wet  one,  the  jungles 
swarming  with  leeches;  it  is  also  very  inaccessible,  provisions  and  camping  effects 
having  to  be  carried  fully  20  miles  from  Balangoda.  Camping  in  these  jungles 
is  absolutely  useless  except  in  fine  weather;  and  in  the  absence  of  a  detailed  map 
observations  cannot  be  very  accurately  set  down. 

"  Since  August,  1904,  a  small  deposit  of  the  mineral  provisionally  identified  as 
thorite  was  discovered  at  Durayakanda,  South  of  Gilimale,  about  six  miles  from 
Ratnapura. 

"A  further  amount  of  1,200  lb.  of  thorianite  has  since  been  obtained  from 
Bambarabotuwa. " 

Beacription  of  Thorianite. 

Thorianite,  as  it  occurs  naturally,  is  often  associated  with  other  minerals, 
and  is  not  easy  to  obtain  in  a  completely  separate  condition. 

Dr.  J.  W.  Evans  has  made  a  preliminary  examination  of  the  crystallf^raphic 
characters,  and  intends  to  further  study  this  subject  It  may  be  stated  now 
that  the  mineral  occurs  in  small  cube-like  crystals  up  to  nearly  a  centimetre 
in  diameter,  the  largest,  so  far  seen,  measuring  rather  more  than  8  mm. 
In  most  specimens  the  colour  is  a  dull  grey  or  slightly  brownish  black,  but 
those  crystals  which  have  not  suffered  from  attrition  in  the  streams  are  a  jet 
black  with  a  bright  resinous  or  pitchy  lustre.  The  difference  may  be  attributed 
partly  to  the  grinding  of  the  surface,  and  partly  to  superficial  chemical 
changes.  The  mineral  thus  differs  from  uraninite  or  pitchblende  which 
QBually  occurs  massive,  and  not  obviously  crystalline.  The  streak  furnished 
by  uraninite  is  brown  with  a  tinge  of  green. 

By  transmitted  light  the  mineral  is  opaque  except  in  thin  sections. 

The  double  refraction  is  very  low.  The  refractive  index  probably  exceeds 
1-8.        , 

'  The  only  faces  that  are  ordinarily  developed  on  the  crystals  of  thorianite 
are  apparently  those  of  the  cube.  These  have  a  very  uneven  surface,  especially 
in  specimens  that  have  not  suffered  much  from  attrition  or  alteration.  This 
character  of  the  surface  is  mainly  the  result  of  the  development  of  a  number 
of  small  vicinal  faces.  In  some  cases  larger  faces  of  similar  character  are 
present,  meeting  at  very  obtuse  re-entrant  or  salient  angles,  and  reminding  one 
of  those  seen  in  some  crystals  of  fluorspar.  In  other  crystals  the  faces  show  a 
more  or  leas  irregular  eurvatun?. 
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The  indefinite  character  of  the  surf aoe  prevente  any  accurate  det«raiiiiatioD  of 
the  anglee.  The  goaiometric  reading  vary  2  or  3  degrees  on  either  Bide  of  90 
d^rees,  according  to  the  portions  of  the  surface  from  which  the  image  is  r^ected, 
but  there  is  in  most  cases  no  satisfactory  evidence  that  the  faces  as.a  whole  are 
not  virtually  at  right  angles.  Some  crystals,  however,  appear  to  be  distorted 
and  have  angles  difTeriiig  from  a  right  angle  by  as  much  as  5  degrees  or  even 

Occasionally  twin  crystals  are  met  with  and  these  are  of  some  interest 
They  are  interpenetrant  twins  on  a  face  of  the  octahedron  as  twinning  plane, 
and  one  of  the  diagonals  of  the  cube  as  twinning  bjub,  exactly  similar  to  those 
of  fluorspar.  As  in  the  case  of  that  mineral  the  coigns  of  one  cube  project 
as  pyramids  on  an  isosceles  triangular  base  on  the  face  of  the  other.  Some- 
umes  the  compound  form  is  almost  completely  regular,  four  edges  of  each  cube 
meeting  at  one  point  or  approximately  so  at  both  ends  of  the  common  diagonal 
that  forms  the  twinnii^  axis;  at  other  times  the  composition  is  more 
irregular,  and  a  number  of  coigns  project  from  the  faces  of  a  cube  in  such  a 
manner  that  though  the  faces  of  one  coign  are  parallel  to  those  of  another,  they 
are  not  in  the  same  plane.  In  these  forms  the  twinning  axis  and  plane  are 
the  same  for  all  the  coigns,  even  when  there  is  more  than  one  projecting 
from  the  same  face,  the  more  acute  point  of  the  pyramid  pointing  to  the 
coign  of  the  cube  from  which  the  twinning  axis  emerges.  The  di^onal 
which  constitutes  this  axis  has  therefore  crystallographic  characters  different 
from  those  of  the  other  three  di^onals,  about  which  this  twinning  cannot 
apparently  take  place,  and  the  symmetty  of  the  crystal  must  be  considered  as 
lather  rhombohedral  than  cubic,  although  the  angles  are  apparently  right 
angles.  The  same  considerations  would  apply  to  fluorspar,  in  which  case  the 
essentially  rhombohedral  character  of  its  symmetry  is  confirmed  by  the 
occurrence  of  crystals  in  which  only  those  faces  of  the  four-faced  cube  or 
tetrakis  hexahedron  {310}  are  developed,  in  which  the  finite  intercepts  are  of 
opposite  signs.  These  faces  may  be  represented  by  the  symbol  {310},  and  are 
those  which  bevel  the  edges  that  do  not  pass  through  the  coigns  at  the  ends 
of  the  unique  diagonal.  They  together  form  a  ecalenohedron,  wiych  is  in 
fact  the  scalenohedron  {1342}  of  the  rhombohedral  system,  assuming  the 
cube  as  the  fundamental  rhombohedron.* 

A  similar  scalenohedron  {210}  or  {1231}  is  repeatedly  met  with  in  ciystals 
of  halite.f 

*  '  Lehrbuch  der  reinen  uud  angewandton  KryataUogmphie,'  1630,  p.  178,  fig.  678. 

t  r.  von  Kobell, "  Uber  UerkwUrdig«  EiyntaUe  toq  Steicsalz,"  ■  Journal  fUr  pnktische 
Chemie,'  1861,  vol.  84,  p.  420;  K.  Andr^e,  "Uber  Steinsalz  Kryatalle  Ton  hexagonal- 
rlioinboedriacher  FseudosTimnetrie  ane  SicUien,"  'Centralb.  fUi  Mineralogie,'  etc,  1904) 
p.  88. 
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It  ia  interesting  to  notice  that  cbabazite,  which  is  cubic  in  general 
appearance,  but  really  rhombohedral,  having  its  at^les  differing  from  right 
angles  by  nearly  5  de^^rees,  twins  in  exactly  the  same  manner  as  fluorspar  and 
thorianite. 

The  inference  that  thorianite  ia  essentially  rhombohedral  in  character  is 
confirmed  by  the  observation  that  in  sections  cut  perpendicolar  to  the 
twinning  axis,  the  substance  is  practically  isotropic 

Thorianite  shows  no  definite  cleavage,  but  the  mineral  is  traversed  by 
ii-regular cracks  which  appear  to  follow  the  direction  of  the  basal  plane  more 
frequently  than  any  other.  On  fracture,  it  shows  an  irregular  surface,  which 
is  more  or  less  conchoidal  on  a  small  scale. 

The  hardness  of  the  mineral  is  nearly  7,  which  distinguishes  it  at  once  from 
uraninite  with  a  hardness  of  5*5. 

Under  the  blow-pipe  thorianite  is  infusible.  It  decrepitates,  and  if  raised 
to  a  sufficiently  high  temperature,  is  h^hly  incandescent. 

It  is  sometimes  associated  in  rolled  fragments  with  a  smooth,  yellow-brown, 
apparently  amorphous  material,  of  hardness  6,  which  envelopes  it  or  forms  a 
rounded  deposit  on  its  faces.  This  substance  is  reddish-yellow  in  colour 
when  viewed  in  thin  sections  by  transmitted  light.  Zircon  also  sometimes 
occurs  intergrown  with  thorianite. 

The  density  of  difTerent  specimens  of  thorianite  varies  between  8  to  9'5  and 
9-7.  The  higher  numbers  probably  represent  the  density  of  the  actual 
mineral,  which  iu  some  cases  exhibits  cavities  partially  filled  with  a  yellow 
ocbreous  material  and  also  inclusious  of  zircon,  one  of  the  minerals  generally 
associated  with  thorianite,  and  these  associated  miueralB,  especially  those 
which  contain  thorium,  will  be  investigated  if  a  sufficient  quantity  can  be 
obtained  separated  from  thorianite. 

The  mineral  is  easily  powdered  and  then  dissolves  readily  in  strong  nitric 
acid  or  in  diluted  sulphuric  acid,  with  evolution  of  a  gas  which  is  chiefly 
helium.    Thorianite  is  scarcely  attacked  by  hydrochloric  acid. 

Thorianite  is  highly  radio-active,  and,  in  fact,  may  prove  to  be  one  of  the 
most  radio-active  of  minerals.  The  cause  of  this  radio-activity  is  referred 
to  below. 

Compositwn  of  Thorianite. 

The  methods  used  in  determining  the  composition  of  thorianite  are  founded 
on  those  suggested  by  Glaser*,  Meyer  and  Marckwaldt,  Fresenius  and 
Hintzet,  and  6enz§. 

*  'Zeita.  Anal.  Chem.,'  1887,  vol.  36,  p.  SL3. 

f  '  Ber.,'  ISOO,  voL  33,  p.  3003. 

X  '  Zeita.  Ad&L  Chem.,'  toL  39,  p.  343. 

§  '  Zeita.  Aug.  Chun.,'  190S,  p.  297. 


Digitized  by  LjOOQIC 


1905.]  Tborianite,  a  New  Mineral  from  Ceylon.  25» 

The  results  are  shown  in  the  table  on  p.  261,  which  includes  the  data 
obtained  from  three  separate  s|)e(nmens,  nombered  I,  II,  and  III. 

In  the  estimation  of  the  metals,  2  grammes  of  the  finely  powdered  mineral 
were  dissolved  in  about  13  cc.  of  nitric  acid  of  specific  gravity  1*4,  and 
after  decompoaitioQ  was  complete  the  solution  was  diluted  and  filtered. 
The  insoluble  residues  in  specimens  II  and  III  were  very  small,  and  were 
treated  with  hydrofluoric  acid  to  estimate  silica.  In  I  the  residue  chiefly 
consisted  of  zircon  which  was  fused  with  potassium  hydrogen  sulphate  to 
extract  zirconia,  and  the  residue  treated  as  before  with  hydrofluoric  acid 
to  estimate  silica.  Except  for  this  aSBociated  zircon,  no  zirconia  was  found 
in  the  mineral 

The  acid  filtrate  from  ihe  insoluble  residue  was  diluted  to  about  300  cc. 
and  6  cc.  of  hydrochloric  acid  added.  Hydr<^en  sulphide  was  then  passed 
through  the  liquid  to  precipitate  lead  which  was  finally  weighed  as  sulphate. 
The  filtrate  was  boiled  to  remove  hydrogen  sulphide,  and  oxidation  of  the 
last  traces  of  this  substance  effected  with  bromine  water.  To  the  hot 
acid  solution;  amoimting  to  about  350  cc,  excess  of  ammonium  oxalate 
was  added,  and  the  precipitAte  of  oxalates  of  thorium  and  cerium,  etc, 
allowed  to  settle  overnight  and  then  filtered.  The  filtrate  was  evaporated 
to  dryness  and  treated  with  nitric  acid  to  destroy  oxalio  acid,  and  diluted 
with  water.  The  calcium  and  magnesium  were  separated  from  other  metals 
by  precipitating  the  latter  with  ammonia  and  ammonium  chloride.  This 
precipitate  was  dissolved  in  hydrochloric  acid,  excess  of  acid  neutralised, 
and  the  solution  diluted  to  600  cc  A  few  drops  of  solution  of  sodimn 
sulphite  were  added,  and  the  liquid  boiled  to  precipitate  any  titanic  acid. 
No  titanium  was,  however,  present.  The  liquid  was  evaporated,  and  the 
iron  oxidised  with  a  few  drops  of  nitric  acid.  The  liquid  was  neutralised 
with  a  few  drops  of  anmiooia,  and  finally  excess  of  ammonium  carbonate 
added.  The  carbonates  first  precipitated  were  re-dissolved  on  further 
addition  of  the  reagents,  sbowiog  the  absence  of  alumina.  The  iron  waa 
separated  as  sulphide.  The  filtrate  was  boiled,  acidified  with  hydrochloric 
acid,  and  again  boiled  to  remove  all  the  carbon  dioxide.  The  uranium  in 
solution  was  precipitated  with  ammonia,  and  finally  weighed  as  uronoso- 
uronic  oxide  ITiOa. 

The  precipitate  containing  the  oxalates  of  thorium  and  cerium,  etc,  was 
dried,  and  the  oxalates  were  then  decomposed  by  nitrid  acid,  and  the  metals 
obtained  in  solution  as  nitrates.  Aftw  diluting  to  250  cc,  sodium  thio- 
sulphate  was  added  to  the  slightly  acid  boiling  liquid  till  no  further 
precipitate  of  thorium  salt  was  obtained.  The  liquid  was  boiled  for  a  short 
time,  the  precipitate  filtered  off  and  dissolved  in  hydrochloric  acid,  and  the 
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•operation  twice  repeated  to  completely  aeparate  the  cerium.  To  the  united 
filtrates  nmmonia  waa  added,  and  the  precipitate  of  hydroxides  of  the 
-cerium,  etc,  containing  a  little  thorium  and  any  yttrium  present,  wae 
-dissolved  in  hydrochloric  acid,  and  the  trace  of  thorium  precipitated  as  above 
described  from  a  small  bulk  of  liquid.  The  thorium  precipitates  were 
dissolved  in  hydrochloric  acid,. and  the  thorium  re-precipitated  as  hydroxide 
and  finally  weighed  as  the  dioxide  ThOi-  The  filtrate  from  precipitation  of 
the  cerium  earths  with  ammonia  contains  lime  if  such  were  present  in  the 
original  mineral     This  was  separated  as  oxalate  and  weighed  as  oxid& 

Determinations  of  the  equivalent  of  thorium  made  with  the  precipitated 
dioxide  obtained  in  the  course  of  the  analysis  of  the  third  specimen  (see 
p.  261)  by  conversion  into  the  sulphate  gave  57'26,  corresponding  with  an 
atomic  weight  of  229.  The  accepted  atomic  weight  of  thorium,  relative  to 
hydrogen  taken  ae  1,  is  230'8. 

The  solution  from  which  thorium  had  been  thus  removed,  contwiing 
icerium  and  the  associated  earths,  including  any  yttrium,  was  treated  with 
ammonia ;  the  precipitate  dissolved  in  dilute  sulphuric  acid,  and  the  solu- 
tion, after  neutralisation,  saturated  with  potassium  sulphate.  No  yttrium 
-was  found  in  the  filtrate  by  dilution  and  addition  of  ammonia. 

The  double  sulphates  of  potassium  with  cerium,  and  of  the  associated 
metals  lanthanum  and  didydium,  were  warmed  with  ammonia  solution,  by 
which  means  the  earths  were  obtained  as  hydroxides.  These  were  dissolved 
in  hydrochloric  acid  and  re-precipitated  by  potash  solution.  The  hydroxides 
were  washed  by  deoantation,  a  little  potash  solution  added,  and  chlorine  gas 
passed  until  the  liquid  was  saturated.  The  lemon-coloured  hydrated  eerie 
oxide  was  filtered  off,  re-dissolved,  and  re-piecipitated  as  hydroxide,  and  the 
-cerium  weighed  as  the  dioxide  CeOj.  The  filtrate  containing  lanthanum 
and  eo-called  didj^mium  was  acidified  with  hydrochloric  acid,  boiled  to 
remove  chlorine,  and  the  earths  precipitated  with  ammonia  and  weighed  as 
the  oxides. 

The  uranoua  oxide  (UOj)  was  separately  estimated  by  Hillebraud's 
method  as  follows: — One  or  2  grammes  of  finely  powdered  mineral  were 
introduced  into  a  stout  tube  together  with  20  to  30  c.c  of  dilute  sulphuric 
acid,  consisting  of  one  part  of  acid  to  five  parts  of  water.  The  air  waa  then 
displaced  by  carbon  dioxide,  the  tube  sealed  off,  and  then  heated  to  180°  C. 
for  several  hours  till  decomposition  was  complete.  The  solution  obtained 
was  diluted  with  recently  boiled  water,  and  the  uranoua  sulphate  titrated 
with  potassium  permanganate. 

The  method  adopted  for  the  determination  of  helium  and  associated  gases 
consisted  in  decomposing  the  mineral    by  means  of  dilute  sulphuric  acid 
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coneJBting  of  one  part  of  add  to  five  parts  of  ■water,"  Ten  grammes 
of  the  powdered  mineral  were  used,  and  the  gas  collected  in  a  gas 
burette  over  mercury  with  the  usual  precautions.  The  mixture  was  heated  at 
100'^.  DeoompoBition  at  this  temperature  was  almost  complete  iu  one  day, 
but  the  experiment  was  allowed  to  continue  for  two  days  to  ensure  the 
liberation  of  all  the  gas. 

The  gas  collected  amounted  to  105  c.c.  at  standard  temperature  and 
pressure,  which  corresponds  to  10'5  c.c.  of  gas,  chiefly  helium,  from  one 
gramme  of  thorianite. 

Analyses  of  Thorianite. 

I.  n.  III. 

Per  cent.      Per  cent.      Per  cent. 
Soluble  in  nitric  acid — 

Thorium  dioxide  72-24  7622  78-86 

Uranium      „       1119  12-33  6-03 

Uranium  trioxide —  —  9-07 

Cerium  dioxide 6-39  \         n-^  .  nn 

Lanthanum  and  didymium  oxides  ...      0*51  i 

Yttrium  oxide       —  —  — 

Lead  2-25  287  2-59 

Ferric         „  192  0-35  0-46 

Calcium    „  —  —  1-13 

Helium —  —  0-39t 

Titanium  dioxide —  —  — 

Pho^horic  oxide —  —  trace 

Insoluble  in  nitric  acid — 

Zirconium  oxide   368  —  1.0'20 

Sihca ,...: 1-34  0-12  J 

Eesidue  from  fusion  with  potassium 

hydrc^n  sulphate   041  —  — 

Of  the  three  specimens  of  thorianite  analysed  the  first  was  too  small  to 
admit  of  any  treatment  to  separate  associated  minerals,  and  proved  to  contain 
associated  zircon.  Specimens  II  and  III  were  separated  as  far  as  possible 
from  extraneous  minerals,  and  represent  a  nearer  approach  to  the  single 
mineral  The  highest  amount  of  thoria  yet  found  is  nearly  79  per  cent., 
which  shows  that  thorianite  is  the  richest  mineral  in  thoria  at  present 
known. 

*  HillebT&Dij)  loc  cit. 

t  If  the  whole  c£  the  gas  ia  calculated  as  helium. 
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Constitution  of  Thoriantte. 

From  the  analytical  results,  it  will  be  seen  that  the  conatituents  other  than 
tboria  show,  as  was  to  be  expected  in  a  mineral  of  this  character,  some  varia- 
tion. In  Nob.  I  and  II  cerium  dioxide  occurs  up  to  the  extent  of  8  per  cent, 
wbUe  in  No.  Ill  it  becomes  almost  inBignificant.  The  uranium  appears  to 
occur  in  the  condition  of  both  uranous  and  uraoio  oxides.  It  is,  however, 
intended  to  further  investigate  this  question,  since  the  presence  of  manic 
ochre  on  the  surface  of  some  specimens  would  indicate  that  the  mineral  may 
have  suffered  considerable  superficial  oxidation,  and  that  crystals  may  be 
found  containing  a  much  smaller  proportion  of  uranic  oxide.  Of  the  other 
oxides  present,  zirconia  in  the  insoluble  residue  may  be  safely  classed  as  an 
impurity  arising  from  zircons  which  are  invariably  found  with  thorianite, 
sometimes  included  within  the  crystalline  thorianite.  Silica  and  ferric  oxide 
may  be  neglected  as  conlaminations.  Leaving  out  of  consideration  for  the 
present  the  oxides  of  lead  and  calcium  (not  a  constant  constituent)  the  mineral 
consists  of  a  large  amount  of  oxide  of  thorium  and  a  small  amount  of  oxides 
of  uranium,  with  a  smaller  and  variable  amount  of  cerium  oxide,  the  precise 
significance  of  which  is  at  present  doubtful. 

In  the  original  condition  the  uranium  may  have  existed  entirely  as  dioxide. 
There  can  be  little  doubt  that  the  dioxides  of  thorium  and  uranium,  as  well  as 
certain  of  the  salts  of  these  metals,  are  isomorphous.  In  nature  these  oxides 
have  not  been  found  in  a  pure  crystalline  state,  but  crystals  of  each  have 
been  obtained  artificially.  Crystalline  thoria  was  obtained  by  Troost  and 
Aouvrard*  whilst  studying  the  relation  between  the  double  phosphate  of 
potassium  and  thorium  and  that  of  potassium  and  zirconium.  The  phosphates 
were  first  obtained  by  adding  to  fused  potassium  orthophosphate,  thoria, 
thorium  phosphate  or  anhydrous  thorium  chloride.  On  raising  the  double 
phosphate  to  such  a  temperature  that  both  alkali  and  phosphoric  acid  were 
volatilised,  thoria  was  obtained  in  crystals  belonging  to  the  cubic  system ; 
the  cuboctahedron  and  rhombic  dodecahedron  being  the  forms  ohperved.t 
Again,  uranium  oxide  was  first  obtained  in  an  octahedral  form  by  Wohler  by 
heating  a  mixture  of  uianium  oxychloride  with  sodium  chloride  and  ammonium 
chloride-t  Later,  Hillebrand  repeated  the  experiment,  and  obtained  practi- 
cally pure  uranium  dioxide  in  black  octahedral  crystals  of  a  specific  gravity 
of  about  ll.§ 

The  hydrate  of  thorium  sulphate  Th  (S04)s9HiO  is  also,  according  to 

*  'Compt««  lUadiu,'  1880,  roL  102,  p.  14S2. 

t  Loc.  eit. 

t  ■Liebig'a  Aniial«n,'I84S,  voL41,p.S4fi. 

§  *ZeitMhrift  fUr  Anorg.  Chemie,'  18SS,  toL  3,  p.  143. 
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Kammelsberg,*  monocUiiic  m  crystalline  form  and  iaomorphoos  with  the 
coneeponding  hydrate  of  the  uranium  aalt  U(SO«)s9H30. 

Our  analyses  of  difTerent  specimens  of  thorianite  are  hardly  sufBciently 
numerous  to  enable  us  to  conclude  that  the  oxides  of  thorium  and  uranium 
bear  a  definite  relation  to  one  another  in  the  mineral.  It  seems  probable 
that  the  mineral  belongs  to  the  class  of  substances  knovn  as  isomorphous 
mixtures  of  which  the  simple  form  would  be  represented  by  the  formula  XOs 
where  X  represents  a  tetravalent  element  the  dioxide  of  which  crystallises  in 
the  isometric  system  the  extremes  of  which  would  be  UOa  and  TbOi. 

Thorianite  is  evidently  closely  related  to  uraninite  (pitchblende)  in  con- 
stitution. The  crystalline  form  of  the  two  minerals  is  the  same  and  the 
constituents  of  both  are  similar.  HiUebrand'a  analysis  of  the  Branchvllle 
varieties  of  uraninite,  which  were  stated  to  be  nearly  unoxidised,  furnished 
72'25  per  cent,  of  uranium  dioxide  and  only  13-27  of  uranium  trioxide.t 
Uranium  dioxide  very  readily  oxidises  on  exposure  to  air,  and  it  was  only  by 
completely  excluding  the  air  that  Hillebrand  succeeded  in  obtaining  the  pure 
oxide  artificially.  It  is,  therefore,  certain  that  t^e  natural  varieties  of  the 
oxide  BO  far  examined  must  have  suffered  alteration  and  oxidation,  and  that 
originally  their  principal  constituent  was  uranium  dioxide.  Most  of  the 
massive  varieties  of  uraninite  are  very  impure,  and  this  may  account  in  a 
large  measure  for  the  presence  of  many  oxides  in  this  mineral  which  appear 
to  have  very  little  in  common  with  the  principal  constituents.  Lead  oxide 
is  apparently  generally  present  in  thorianite.  It  occurs  in  small  amount  and 
may  be  combined  as  uranate.  In  the  case  of  thorianite  the  crystallographio 
examination  has  shown  that  the  mineral  has  crystallised  with  difficulty,  and 
that  it  is  more  or  less  contaminated  with  those  minerals  which  crystallised 
at  the  same  time,  as  well  as  with  impurities  contained  in  the  magma  from 
which  crystallisation  occurred. 

As  far  as  the  present  investigation  has  gone  it  appears  probable  that 
thorianite  is  isomorphous  with  uraninite,  and  that  in  the  thorianite  of  Ceylon 
some  of  the  thoria  is  replaced  by  the  corresponding 'uranium  oxide.  The 
evidence,  however,  is  not  sufficient  to  show  whether  this  is  a  case  of  isomorphous 
mixture,  aa  seems  probable,  or  of  true  chemical  replacement. 

It  is  obvious  that  the  mineral  is  one  of  exceptional  interest,  and  that  it 
presents  many  problems  for  investigation,  among  them  being  the  question  of 
the  possible  occurrence  of  small  quantities  of  hitherto  little  known  or 
unknown  elements.}    The  material  furnishes  a  satisfactory  source  of  pure 

•  'Berl.  Acad.  Ber.,  1886,  p.  603, 

t  '  Amer.  Jonrn.  Sci.,'  1890,  vol  40,  p.  384. 

X  Since  this  waa  written  Hahn,  in  a  commnnication  to  the  Boyal  Society  ('Roy.  Sac. 
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thorift,  a  fact  which  is  of  commercial  importance  as  well  aa  of  scientific 
interest 

We  have  shown  that  thorianite  is  chiefly  composed  of  thoria,  as  at  present 
understood.  Baskerville  believes  that  he  has  obtained  evidence  that  the 
substance  at  present  known  as  thorium  is  composed  of  more  than  one  element, 
and  that  he  has  separated  thoria  into  three  oxides  differing  in  density,  and  one 
of  which  is  little,  if  at  all,  radio-active.  These  conclusions  have,  however, 
been  called  in  question  by  Meyer  and  Qompertz  *  who  assert  that  thoria 
shows  no  evidence  of  being  other  than  a  single  substance. 

DeterminatJon  of  the  I'ate  of  decay  of  the  radio-activity  of  thorianite  made 
in  Lord  Blythswood's  Laboratory  by  Mr.  H.  S.  Allen  have  shown  that  this 
property  of  the  mineral  is  probably  consistent  with  the  thorium,  uranium,  and 
small  amount  of  radium  present. 

The  radio-activity  of  the  mineral  was  measured  in  a  parallel  plate  apparatus, 
using  sufficient  material  to  entirely  cover  the  lower  plate.  The  observed  rate 
of  leak  under  these  conditions  was  6900  divisions  per  minute  equivalent  to  a 
onrrentthrough  the  apparatus  of  approximately5'5  x  10~"amp^res.  Thorianite 
is,  therefore,  somewhat  less  active  than  some  of  the  specimens  of  pitchblende 
examined  by  Madame  Curie,  whose  results  with  this  mineral  are  as  follows : — 

Pitchblende  from  Johanngeorgenstadt 8'3  x  10~"  amperes 

„  „    Joachimsthal    7-OxlO"" 

„    Pzibram 6-5  xlO"" 

„    Cornwall  1-6x10-"       „ 

A  series  of  measurements  of  the  rate  of  decay  of  activity  of  the  emanation 
from  thorianite  have  been  mode ;  165  grammes  of  the  mineral  were  heated  in  a 
hard-glass  tube,  and  the  emanation,  previously  dried  over  phosphorus  pentoxide, 
collected  in  the  testing  vessel.  It  was  set  aside  for  6  hours  in  order  to  allow 
the  thorium  emanation  to  decay,  and  then  measurements  of  the  activity  were 
made  daily. 

The  results  showed  that  dining  the  first  four  days  the  rate  of  decay  was 
greater  than  that  observed  by  Butberiord  for  radium  emanation,  but  that  after 
this  period  the  rate  of  decay  of  activity  became  identical  with  that  of  radium 
emanation.  It  is  probable  that  the  greater  rate  of  decay  during  the  fii^t 
four  days  was  due  to  the  presence  of  thorium  "excited  activity"  which, 

Froc,'  1906)  baa  announced  tbe  eiistance  in  thorianite  of  a  Bmall  quantity  of  a  new 
element,  which  produces  the  "thorium  emanation."  Thia  waa  separated  from  thn  6  cwt. 
of  the  mineral  referred  to  earlier  in  this  paper.  It  mnat  not  be  overlooked  that  the 
consignment,  though  apparently  worked  up  aa  a  whole,  was  donbtieaa  a  mixture  con- 
taining several  other  minerals  than  thorianite. 
*  'Ber.,' 1905,  vol.  3,  p.  187. 
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according  to  Rutherford,  deoays  to  half  value  in  the  course  of  11  houn, 
whereas  the  radium  emanation  &lls  to  half  value  only  in  about  3-7  days. 

These  results  clearly  indicate  the  presence  of  radium  emanadou  in  the 
"  total  emanation  "  from  thorianite,  and  that  consequently  this  mineral  must 
contain  radium. 

Commercial  Value  o/  Thorianiie. 

Owing  to  the  increasing  employment  of  thoria  for  the  manufacture  of 
incandescent  gas  mantles,  the  demand  for  minerals  containing  thorium  has 
largely  increased.  The  demand  is  chiefly  met  from  the  deposits  of  sand 
containing  a  small  percentage  of  monazite  (phosphate  of  the  cerium  metals 
and  thorium)  which  occur  in  Brazil  and  in  North  Carolina.  Owing  to  the 
foreign  control  of  these  sands,  British  manufacturers  have  experienced 
difGcuIty  in  manufacturiug  thorium  compounds.  Thorianite  is,  we  believe, 
the  first  deposit  of  a  thorium  mineral  to  be  discovered  on  British  territory. 
Consignments  of  thorianite  from  Ceylon,  containing  about  70  per  cent,  of 
thoria,  have  been  recently  sold  in  this  country  at  the  rate  of  £1500  per  ton. 

For  the  manufacture  of  thorium  compounds  thorianite  possesses  the 
advantage,  not  shared  by  any  known  thorium  mineral,  of  containing 
uucombined  thoria,  soluble  in  nitric  acid  with  fonnation  of  thorium  nitrate. 
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ITie  Perturbations  of  the  Bielid  Meteors. 
By  A.  M.  W.  Downing,  D.Sc,  F.E.S. 
(Beoeived  May  13,— Read  June  8,  1906.) 

In  the  calculations,  the  results  of  which  are  embodied  in  this  paper,  it  is 
asaumed  that  in  the  apparition  of  the  Bielid  Meteors  noted  in  November, 
1885,  we  have  an  observation  of  the  main  part  of  the  stream.  It  is  also 
assumed  that  the  periodic  time  of  the  stream  is  6}  years,  as  appears  to  be  now 
the  general  opinion  of  the  chief  authorities  on  the  subject,  and  which  threes 
closely  with  the  periodic  time  found  for  the  associated  comet. 

On  these  assumptions  we  ought  again  to  encounter  the  central  part,  or  at 
least  a  neighbouring  s^:ment  of  the  stream,  close  to  the  central  part,  in 
November  of  the  present  year.  It  accordingly  became  a  matter  of  interest  to 
determine  the  perturbations  to  which  the  segment  of  the  meteor  stream, 
encountered  in  November,  1885,  has  been  subjected  in  the  interval,  in  order 
to  ascertain  the  possibility  or  otherwise  of  an  encounter  with  the  same 
s^:roent  next  November,  especially  as  it  was  known  that  this  segment  of  the 
stream  waa  in  close  proximity  to  .Tupit«r  during  1900-01.* 

The  tabular  statements  given  below  exhibit  the  results  of  the  calculations 
of  the  special  perturbations  by  Jupiter  and  Saturn  in  the  interval  referred  to. 
The  perturbations  have  been  determined  by  the  method  of  Variation  of 
Constants,  the  adopted  interval  for  quadrature  being  40  days,  except  for  the 
period  July,  1900 — April,  1902,  during  which  the  interval  was  reduced  to 
20  days,  on  account  of  the  proximity  of  Jupiter. 
The  adopted  position  of  the  radiant  point  is 

a=24J°,  S=+43i'', 

at  the  epoch,  November  27,  1885,  6  h.,  G.M.T. 

The  elements  of  the  corresponding  osculating  ellipse,  on  the  assumption  of 
the  periodic  time  as  stated  above,  and  referred  to  the  epoch  and  mean 
equinox  of  November  27,  1885,  6  b.,  are  as  follows : — 

Mean  anomaly    M    355°  30' 

Perihelion    tr     110    56 

Ascending  node   SI    245    43 

Inclination  t       13    10 

Eccentricity 0      49      9(««0-7564) 

Mean  daily  motion n    532"'20 

Semi-axis  major a  35423 

*'  Cf.  Abelmum,  'Astros.  Kachrichten,'  Ko.  3S18. 
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The  meteor  stream  encounters  the  Eaith  at  the  desceoding  node  of  its 
orbit    It  will  be  noticed  that  the  motion  in  the  orbit  ia  direct. 

It  may  be  pointed  out  that  in  this  orbit  the  aphelion  distance  is  6*2.  The 
meteor  stream,  therefore,  crosses  the  orbit  of  Jupit«r,  the  mean  distance  of 
which  is  5'2,  and  extends  beyond  it  to  about  the  unit  of  distance.  It  does 
not,  however,  reach  the  orbit  of  Saturn,  the  mean  distance  of  which  is  9'5. 

The  particulars  of  the  relative  positions  of  the  adopted  point  in  the 
meteor  stream  with  reference  to  the  Sun,  and  with  reference  to  Jupiter  and 
Saturo,  daring  the  interval  with  which  we  are  concerned,  are  given  iu  the 
following  table,  in  which  the  nomenclature  is  :~r- 

V True  anomaly  of  the  Bielida 

log  r log  of  radius  vector  of  the  Bielids. 

C)   Angular  separation,  Bielida — Jupiter. 

log  pi  Ic^  of  distance,  Bielids — Jupiter. 

Ca   Angular  separation,  Bielids — Saturn. 

log  pt  log  of  distance,  Bielids — Saturn. 


Date. 

•• 

logr. 

<|. 

logft. 

■»■ 

log  ft- 

1886.  Not.  18  

804" 

88 

0-03 
0  17 

117" 
343 

0-78 
0-63 

*  88" 
269 

0-93 
0-97 

IBSe.  Uftr.  18   

July  16          ,     ... 

134 
140 

0-42 
0-6S 

816 
309 

0-61 
0-68 

2S6 
316 

1-04 
1-06 

Not.  18   

1887.  Hu.  18    

149 

0-68 

309 

0-64 

211 

1-11 

JbIj  11    

166 

0-69 

ail 

0-64 

206 

1-13 

Not.    8    :. 

161 

0-78 

314 

0-63 

307 

1-16 

1888.  Uu.    7   

lee 

0-76 

sao 

0.69 

207 

1-16 

JnW    6   

170 
17fi 

0*78 
0-79 

824 
389 

0-65 
0-60 

307 
207 

116 
1-17 

N^.  2 ;::::::::;:: 

IBSe.  M»r.    2  

178 

0-79 

384 

0-48 

208 

117 

JunaSO   

183 

0-79 

840 

0-35 

209 

117 

Oct    26 

186 
190 
194 

0-78 
0-77 
0-75 

346 
362 
358 

0-36 
0  16 
0-10 

aoe 

210 
310 

117 
1-16 
1-16 

1880.  Feb,  26   

Jiine2a    

Oct.  33 

loe 

205 

0-72 
0-68 

10 

0-10 
0-16 

ss 

1-16 
1-14 

1891.  Feb.  SO 

Jane  20 

313 

0-62 

14 

0-24 

206 

1-12 

Oct.   18 

322 

0-64 

16 

0-33 

200 

1-10 

1893.  Feb.  16 

2S8 

0'3» 

10 

0-42 

187 

1-07 

June  14 

384 

0-10 

386 

0-69 

146 

1-02 

Oot.   12 

74 

0-10 

196 

0-79 

0 

0-92 

1893.  Feb.    9 

131 

0-36 

161 

0-86 

318 

0-90 

Jwie   8 

188 

0'64 

164 

0-91 

805 

0-92 

Oot.     7 

148 

0-63 

155 

0-95 

299 

0-98 

1894.  Feb.    4 

166 

0-66 

168 

0-99 

396 

0  94 

JunB   4 

161 

0-73 

163 

1-01 

294 

0-96 

Oct.     2 

165 

0-76 

168 

1-08 

393 

0-96 

189G.  Jui.  80 

170 

0-77 

174 

1-04 

292 

0-97 

M>7  30 

174 

0  79 

180 

1-06 

292 

0-97 

8ei».27 

178 

0-79 

186 

1-06 

293 

0-96 

1898.  Jul.  26 

181 

0-79 

193 

1-06 

292 

0-98 

H>7  34 

186 

0-79 

198 

1-06 

293 

0-98 

8.li.2I 

189 

0-78 

204 

1-04 

292 

0-98 
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DM*. 

- 

logr. 

*i- 

logft- 

•»■ 

iogPr 

103° 
198 

aos 

210 
218 
282 
263 
83 
112 
183 
146 
lES 
1S9 
164 
169 
178 
177 
180 
184 
188 
192 
197 
303 
308 
217 
380 
267 

as 

076 
0-78 
0-70 
0-64 
0-67 
0-45 
0-23 
»-96 
0-83 
0-50 
0-80 
0-66 
0-71 
0-74 
0-77 
0-78 
0-79 
0-79 
0-79 
0-78 
0-76 
0-74 
0-70 
0-65 
0-58 
0-46 
0-24 
a-9S 

20Q^ 
314 
218 
231 
281 
216 
196 
75 
4 
861 
840 
8S0 
864 
868 
8 
10 
17 
24 
81 
88 
46 
SI 
87 
62 
64 
63 
46 
300 

1-03 
1-01 
0-99 
0-06 
0-98 
0-90 
0-86 
0  72 
0'G2 
0-87 
0-33 
0-04 
«-86 
0-86 
0-04 
0-31 
0-84 
0-44 
0-62 
0-68 
0-68 
0-fl6 
0-68 
0-60 

291' 
200 
288 

284 
380 
268 
348 
117 
41 
2B 
14 
10 
8 

e 

6 
.     B 

6 
5 

6 

6 
fi 

4 
2 
0 

0-96 

0-ee 

0-96 
O-90 
1-00 

1-oa 

1-04 
1-03 
0-08 
0-86 
0-99 
076 
070 
0.-67 
0-64 
0-63 
0-61 
0-61 
0-63 
0-68 
0-66 
0-68 
0  71 
0  76 
0-79 
0-86 
0-93 
1-02 

DeS'as  ■■■::::::: 

190*.  Apr.  18 

0-66      1       846 
0-flO      1       323 

Auff     S 

D^.  4 ;:::;;::;;: 

1886,  December.    Perihelion  passage  at  end  of  month. 
1890,  August.         Conjunction  with  Jupiter  at  beginning  of  month. 
1892,  August.         Perihelion  passage  at  end  of  month. 
1899,  ApriL  Perihelion  passage. 

1901,  February.     Nearest  approach  to  Jupiter  at  end  of  month  ;  distance 
=  0-644. 


1905,  November.    Perihelion 


on  20th. 


The  next  table  gives  the  computed  values  of  the  pertorbations  of  each 
element  of  the  initial  osculating  ellipse  at  certain  intervals  during  the  period 
considered,  and  the  concluded  elements  for  the  epoch,  November  14,  1905, 
0  h.,  G.M.T. 

The  masses  of  Jupiter  and  Saturn  adopted  in  the  calculations  ate 
respectively : — 

Jupiter  1  :  1047-35 ;      Saturn  1  :  3501-6. 

The  effecto  of  the  approaches  to  Jupiter  in  August.  1890  (distance  1-25), 
and  in  February,  1901  (distance  0'64),  are  clearly  shown  in  the  table. 
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It  will  be  noted  that  in  the  final  orbit  the  longitade  of  the  descending  node 
is  56°  55'*8.  The  Earth  will  be  in  this  longitude  at  the  date,  November  18, 1905, 
lOh.,  G3i.T.  But  from  the  final  value  of  the  mean  anomaly  it  appears  that 
the  s^pnent  of  the  meteor  stream  to  which  these  calculationa  refer,  will  pass 
through  the  descending  node  on  October  16.  In  fact,  &om  the  final  values 
of  the  elements  which  determine  the  form  of  the  osculating  ellipse,  it  appears 
that  the  orbit  has  become  contracted  in  the  20  years'  interval ;  the  periodic 
time  has  altered  from  (the  assumed)  6667  to  6612  years.  Notwithstanding 
this  contraction,  on  account  of  the  lai^  relative  shift  in  the  positions  of  the 
node  and  perihelion,  the  radius  vector  of  the  meteor  stream  when  passing 
through  the  descending  node  at  the  next  return  will  be  0'012  of  the  unit  of 
distance,  or  about  1,100,000  miles,  greater  than  that  of  the  Earth  when  in 
that  position  in  its  orbit 

As  the  general  result  of  these  calculations,  therefore,  it  appears  that  the 
most  probable  date  for  the  centre  of  a  shower  of  Bielid  meteors  this  year 
is  November  18,  10  h.,  G.M.T.  If  there  be  a  shower  at  that  date,  it  will 
indicate  that  the  meteor  stream  is,  in  this  part,  of  sufficient  length  to  occupy 
at  least  33  days  (October  16  to  Novem^r  18)  in  passing  a  definite  point  in 
its  orbit^-or  that  there  is  another  swarm  following  the  main  swarm  at  this 
interval — and  is  also  of  sufficient  extent  in  the  direction  Sun — Earth  to 
allow  of  some  of  the  meteors  encountering  the  Earth,  although  the  centre  of 
the  stream  is  more  than  1,000,000  miles  outside  the  Earth's  orbit  at  the 
time. 

These  oonclosiona  rest  on  the  further  (but  very  probable)  assumption  that 
the  perturbations  of  the  segment  of  the  stream  following  the  s^ment  to  which 
these  calculations  refer  by  5°  of  mean  anomaly  are  sensibly  of  the  same  amount 
as  those  given  above. 

1  have  to  express  my  acknowledgments  to  Prof.  A.  S.  Herschel,  r.RS.,  for 
his  kind  assistance  in  supplying  information  regarding  the  history  of  the 
subject,  to  Dr.  P.  V.  Neugebauer  for  the  care  and  skill  with  which  be  has 
computed  the  perturbations,  and  to  the  Council  of  the  Boyal  Society  for  the 
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On  the  Mctgnetic  Qualities  of  some  Alloys  not  Containing  Iron. 

By  J.  A.  Fleking,  M.A.,  D.Sc.,  F.B.S.  aad  R  A.  Hadfield,  MJiistCE. 

(B«ceived  May  16,— B«ad  June  6,  1905.) 

The  exhibition  by  one  of  ns  (Mr.  R  A.  Hadfield)  at  the  Britiah  Aasoctatiou 
Meeting  at  Cambridge  in  1904,  of  a  sample  of  a  magnetic  alloy  first  prepared 
by  Dr.  Hensler,  composed  of  copper,  aluminium,  and  manganese,  having  aroused 
considerable  interest,  we  felt  that  the  quantitative  measurement  of  the 
principal  m^nctic  constants  of  such  a  material  would  be  of  very  considerable 
intereatk  We,  therefore,  undertook  at  the  earliest  moment  experiments  with. 
this  object  in  view,  and  the  following  paper  contains  an  account  of  the 
preliminary  results  obtained.  For  the  purposes  of  exact  m^netic  measure- 
ments it  was  necessary  to  prepare  the  material  in  the  form  of  homt^neous 
rings  of  regular  form.  This  part  of  the  work  was  undertaken  at  the  Hadfield 
Steel  Works,  Sheffield,  and  in  the  early  part  of  January,  1905,  two  such  ring» 
of  alloys  not  containing  iron  were  sent  to  the  Pender  Electric  Laboratory  of 
Univeisity  College,  London,  for  the  mimetic  tests. 

These  two  rings  were  respectively  numbered  "So.  1871  and  No.  lS8ft/7. 
Their  chemical  constitution  was  as  follows: — The  ring  No.  1871  had  the 
following  composition :  Manganese,  22'42  per  cent.;  copper,  flO'49  percent.^ 
aluminium,  11*65  per  cent.  There  is  a  certain  amount  of  intermingled  sl^, 
probably  2  or  3  per  cent.,  mostly  consisting  of  MnO  and  SiOj  and  slight 
traces  of  other  metals.  Analysis  showed  that  there  was  present  also: 
Carbon,  1'5  per  cent.;  silicon,  0*37  per  cent.;  and  iron,  0'21  per  cent. 
Hence  it  may  be  said  that  nothing  but  a  trace  of  iron  oooura  in  this  sample 
of  alloy. 

The  other  ring  No.  1888/7  had  an  approximate  composition-:  Manganese, 
18  per  cent. ;  copper,  68  per  cent ;  aluminium,  10  per  cent. ;  lead,  4  per  cent. 
These  alloys  unfortunately  have  poor  mechanical  properties  and  are  brittle 
and  cannot  be  forged.  Rings  were  cast  from  the  material  and  turned  in  the 
lathe  to  the  desired  form. 

The  rings  having  been  carefully  shaped,  their  dimensions  were  then 
measured.  Both  rings  hod  approximately  a  mean  diameter  of  12*4  cms.  and 
a  square  cross-section  of  approximately  1  cm.  axial  depth  and  1  cm.  radial 
breadth. 

Each  ring  had  four  diametral  lines,  marked  on  it  at  angular  intervals  of 
45''. .  As  the  ring  No.  1871  was  very  slightly  tapered,  measurements  were 
made  on  the  front  and  back  face  and  the  means  taken  as  follows : — 

u  2 
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Outside  Diameter  of  King  No.  1871. 

Along  ,      At  back  At  front  Mean 

diameter.  in  cms.  '  in  cms.  in  cms. 

1—5  12-390  12-360  12-375 

2—6  12-384  12-358  12-371 

3—7  12-392  12-368  12-380 

4—8  12-390  12-370  12380 


Mean  outside 

diameter 
=  12-3765  cm. ' 


The  axial  depth  and  radial  breadth  were  then  measured  in  the  same  eigl 
poedtionB : — 


Breadth. 

Depth. 

Podtim. 

Bmdth. 

IhTth. 

Back. 

^ 

Buk. 

Front. 

] 

3 

4 

l-OM 
1-066 
1-068 
1-058 

1-060 
1-044 
1-0*4 
1-060 

1-oeo 

1-063 
1-058 
1-062 

S 
6 
7 
8 

1-060 
1-064 

i-oea 

1-064 

1-013 
1-046 
1-046 
1-043 

1-066 
1-068 

1-oes 

1-064 

The  resulting  mean  dimensions  of  the  ring  are,  as  follows  :~ 


Ring  No.  1871. 


I  Mean  depth 1 -0672  om. 

Area  of  oniu.i«ction 1 -llSSaqnanci 

I  Length  of  magnedc  circnit 

'  86 -676  cm. 


Uesn  ontaide  diameter  12  '3766  ci 

Ueaninnde  10-2718 

Heanbreadth 1-0626    , 


The  ring  was  then  carefully  wound  over  with  primary  and  secondary 
electric  circuits.  These  consisted  of  double  silk-covered  copper  wire,  well 
insulated  with  shellac  varnish. 

The  ring  was  first  given  a  coat  of  shellac  varnish  made  up  with  absolute 
alcohol  and  after  drying  was  wound  over  with  four  separate  secondary  circuits, 
placed  in  the  four  quadrants.  These  each  consisted  of  one  layer  of  silk- 
covered  copper  wire  (No.  30  S.W.G.)  and  were  numbered  respectively  1,  2,  3, 
and  4.  The  turns  were  counted  by  more  than  one  observer  and  after 
varnishing  and  drying  the  outside  width  and  depth  over,  the  winding  was  again 
measured  so  as  to  calculate  the  excess  of  the  area  included  by  the  median  line 
of  each  secondary  wire  turn,  over  and  above  the  cross-sectional  area  of  the 
ring  of  alloy  itself.    The  results  were  as  follows : — 
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Niimbar  of 

Mean  outside 

Mean  outside 

Secondary 
col 

1 

turnB  of  wire 

in  GoiL 

208 

depth,  in  cms.,  over 
winding. 
1-154 

breadth,  in  cms.,  i 
winding. 
11416 

2 

197 

1162 

1137 

3 

204 

1160 

1140 

4 

207 

1150 

1135 

The  secondary  coila  were  then  covered  with  a  layer  of  silk  tape  and 
varnished,  and  after  drying,  the  primary  m^oetising  coil  was  wound  on  in 
three  layers.  This  consisted  of  No.  18  double  cotton-covered  copper  wire,  the 
three  layers  having  respectively  217,  206,  and  197  turna.  Between  each 
layer  a  windii^  of  varnished  silk  tape  was  interposed. 

The  ring  so  wound  over  uniformly  with  secondary  and  primary  coils  was 
mounted  on  a  board  with  screw  terminals  at  the  ends  of  the  various  dreuits. 
From  the  dimensions  taken,  the  mean  area  included  by  the  central  line  of 
one  turn  of  the  secondary  circuit  can  be  calculated,  and  it  is  1'2097  sq.  cms. 
Since  the  mean  cross-sectional  area  of  the  ring  is  1'1129  aq.  cms.,  the 
difTnence  between  these  two  must  be  reckoned  as  an  air  space  which  is 
traversed  by  the  magnetic  flux  due  to  the  primary  coil  alone. 

The  magnetic  measurements  were  jnade  in  the  usual  way  with  a  ballistic 
galvanometer.  A  Paul  movable  coil  ballistic  galvanometer,  having  a  periodic 
time  of  about  four  seconds,  was  employed.  The  secondary  coil  on  the  ring 
was  joined  in  series  with  the  galvanometer  coil,  with  a  resistance  box  and 
with  a  secondaiy  standarising  coil,  which  last  was  inserted  in  the  interior  of 
a  long  heUx  or  primary  standardising  coil,  in  which  a  known  mimetic  field 
could  be  created  by  a  measured  current.  Tlie  currents  were  measured  by  a. 
potentiometer.  The  usual  methods  were  adopted  for  determining  the 
m^netisation  curve  and  the  hysteresis  loops  of  a  sample  of  magnetic  material 
in  the  form  of  a  ring.  A  known  primary  current  was  reversed  throi^h  the 
primary  coil  on  the  ring  and  the  throw  of  the  ballistic  galvanometer 
observed. 

The  meaning  of  the  deflection  was  interpreted  by  breaking  or  reversing  a 
measured  current  through  the  primary  standardising  coil.  It  is  not  necessary 
to  enter  into  details  of  the  arrangements,  as  they  are  familiar  to  everyone  in 
the  habit  of  using  the  ballistic  galvanometer  for  magnetic  measurements. 

The  cyclical  magnetisation  curves  were,  in  all  cases,  taken  by  applying  to 
the  ring  a  known  maximum  magnetising  force,  and  then  dropping  suddenly 
from  this  to  a  smaller  value  in  the  same  direction,  or  to  one  in  the  opposite 
direction.  In  this  manner  the  change  in  the  flux,  passing  through  the 
secondary  coil  in  passing  from  a  certain  maximum  flux  to  a  lesser  or  oppositely 
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-diieoted  flux,  was  determined  and  the  cyclical  magnetiaatiou  curves  set  out  as 

Since  the  area  included  by  the  median  line  of  one  turn  of  the  secondary 
circuit  exceeds  slightly  the  actual  cross-sectional  area  of  the  ring,  a  necessary 
correction  was  applied  in  reducing  the  observations  to  obtain  the  true  flux 
density  in  the  metal  itself  from  the  observed  or  apparent  flux  density  as 
■calculated  from  the  galvanometer  deflections. 

If  B'  is  this  observed  flux  density,  B  the  true  flux  density,  and  H  the 
magnetising  force,  then  from  the  dimensions  given  above  we  have 

1-1129B  =  1-2097  B'-00968H. 

In  the  first  set  of  observations  an  ordinary  magnetisation  curve  was  taken, 
with  gradually  increasing  magaetising  forces  (H),  the  flux  density  (B)  being 
measured  by  reversing  the  force  at  each  stage,  and  the  corresponding 
permeability  values  (/t)  bdng  calculated  for  each  value  of  B.  The  reduced 
rfigores  of  observation  are  given  in  Table  L 

Table  L — ^Magnetisation  Curve  of  Magnetic  Alloy  No.  1871,  taken  with 
Magnetic  Forces  varyii^  from  1  to  50  C.G.S.  Units. 


HagiMUoanz 

Htgnetioflnx 

f^^in  - 

d.Qiit7in 

•permtMO^. 

forcBin' 

deiuitf  in 

PeniMMlit;. 

C.a.8.  nnil^ 

C.O.S.  unita. 

C.a.S.  nniti. 

C.O.S.  unito. 

H. 

B. 

M- 

H. 

B. 

M. 

1-10 

18-6 

16-9 

30-80 

496-6 

38-64 

3  19 

82 -4S 

14-8 

31-90 

680-0 

24-2 

8-28 

66-90 

17-86 

23-0 

604 

24-6 

4-38 

77-7 

18  16 

34  1 

699 

34-82 

S-48 

100-06 

18-26 

26-2 

686 

26-23 

6-67 

133-4 

18-66 

26-28 

869 

36-06 

7-66 

144-4 

18-86 

87-4 

708 

26-64 

8-46 

167-6 

19-8 

28-5 

738 

26-88 

8 -88 

193-8 

19-62 

29-6 

780 

36-86 

10  ■« 

318-0 

19-9 

80-7 

811 

26-4 

12 -Ot 

388-6 

19-8 

31-8 

846 

26-66 

18  14 

270-0 

20-64 

83-86 

877 

36-7 

14-28 

894-8 

K>-7 

88-96 

922 

27-18 

16-83 

828-0 

21-06 

86-05 

966 

S7-S4 

16-41 

861-6 

21-4 

37-25 

1030 

27-66 

17-60 

886-0 

23-0 

89-46 

1096 

27-78 

18-00 

419-0 

32 -S 

41-6 

1162 

27-94 

19-70 

464-0 

28-82 

43-9 

1236 

28-16 

A  second  magnetisation  curve  was  subsequently  taken,  carrying  up  to 
force  to  a  much  higher  limit,  viz.,  225  C.G.S.  units,  as  far  as  it  was  safe  to  go 
without  destroying  the  insulation  of  the  primary  coiL  The  figures  obtained 
are  given  in  Table  II. 
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Table  11. — Mi^etisation  Curve  of  M^netic  Alloy  No.  1871,  taken  with 
Magnetic  Forces  varying  from  4  to  225  C.G.S.  Units. 


M-«^g 

Magnetio  flu 

dsnutyin 

Permeri-ilitj. 

force  m 

deiuitj  in 

P<aiiu»bilit7. 

C.G.8.  uniU. 

C.a.S.  uniU. 

C.Q.S.  luxit*. 

C.G.S.  unit*. 

H. 

B. 

M. 

H. 

B. 

4  36 

76-64 

17-86 

88  31 

3163-1 

26-00 

8-74 

160-21 

18-34 

88-20 

2221-0 

36  18 

18 '12 

360-66 

19-88 

01-80 

2272-7 

34-78 

17-45 

844 'S3 

19-78 

06-08 

3803-6 

24-00 

31-83 

467-9 

21-43 

100-88 

2886-0 

33-77 

26-38 

687-96 

23-80 

104-93 

3413-9 

23-99 

30-77 

740-31 

24-86 

100-40 

2441-3 

23-30 

86 -2S 

S44-S6 

28-95 

118-71 

2407-1 

81-06 

89-47 

1064 '0 

26-70 

118 -2« 

3662-7 

21-69 

43-86 

1207  1 

27-63 

122-98 

2671-6 

30-92 

48-16 

1858-1 

36-20 

127-0 

2606-1 

20-63 

62-66 

1468 '9 

27  7B 

131-68 

3663-7 

K>-22 

67-0* 

1604 '9 

28  13 

136-0 

2600-8 

19-78 

61-86 

1714 '3 

27-94 

140-00 

2716  7 

10-80 

66-68 

1828 '1 

27-87 

144-70 

2778-0 

19-16 

69-88 

1911-0 

27-87 

140-43 

2709-0 

18  78 

74-28 

1986 -9 

26-76 

163-6 

2803-0 

17-14 

78-57 

3040-6 

26-00 

226-43 

8018  1 

13-36 

The  observations  recorded  in  Table  II  are  plotted  into  a  curve  in  fig.  1, 
and  show  that  the  magnetisation  curve  for  this  mimetic  alloy  possessea 
all  the  well-known  characteristics  of  a  magnetisation  carve  of  (he  ferro- 
magnetic metals,  iron,  nickel,  or  cobalt.  They  show  also  that  the  perme- 
ability is  a  function  of  the  flux  density,  and  has  a  mazimum  value  of 
nearly  28. 

The  next  step  was  to  take  a  number  of  cyclical  magnetisation  curves 
carrying  the  material  through  a  magnetic  cycle  of  operations,  and  employing 
various  and  increasing  maximum  values  for  the  magnetic  force. 

In  the  Tables  111  to  IS.  below,  are  recorded  the  reduced  results  showing 
the  m^netic  force  and  corresponding  flux  density  in  the  case  of  the  various 
cycles,  the  maximum  value  of  the  magnetic  force  in  either  positive  or 
negative  direction  being  given  for  each  cycle. 

The  results  of  all  these  observations  are  embodied  in  a  series  of  hysteresis 
loops  or  cyclical  magnetisation  curves,  which  are  given  in  fig.  2.  The 
range  of  maximum  magnetic  force  for  the  various  cycles  extended  from 
10  to  70  C.G.S.  units. 
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db,  Google 


1905.]     Magnetic  Qualities  of  Alloys  not  containing  Iron.         277 


¥lq.  S.— H}-8teresia  Loops  of  AU07  Ho.  1671. 
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Table  IIL — Cyclical  Magnetisation  Curve  for  Mt^etic  Alloy  No.  1871. 
Maximam  Value  of  Magnetising  Force  =  10  C.G.S.  Unite. 


Force  poMtive 

uid  dectoaeing. 

Force  negative 

and  increaaing. 

Magnetuiiig 

Magnetic  flux 

force  in 

deniitjris 

force  in 

denaity  in 

C.G.S.  unite. 

C.G.S.  unite. 

C.G.S.  unite. 

C.G.8,  unite. 

+  H. 

a 

-H. 

B. 

9M 

170-4 

1-096 

6-69 

7-92 

149-9 

2-266 

22-96 

6-68 

131-2 

3-329 

46-7 

e'S9 

116-7 

4-46 

69-03 

i-i3 

96-32 

6-698 

92-08 

3-255 

77-22 

6-627 

115-16 

2-186 

67-73 

7-726 

138-2 

1-09 

37-87 

9-023 

167-0 

0-0 

16-32 

100 

184-3 

The  numbers  under  the  column  headed  +  H  are  the  gradually  decreasing 
but  positive  values  of  H,  to  which  the  force  is  reduced  each  time  from  the 
maximum  value  + 10. 

The  numbers  under  the  heading  —  H  are  the  negative  values  of  H,  to 
which  the  force  is  suddenly  changed  from  + 10. 

The  corresponding  values  of  B  d^neate  one-half  of  the  hysteresis  loop. 

Table  IV.— Maximum  Value  of  Magnetising  Force  =  20  C.G.S.  Units. 


-I-H. 

B. 

-H. 

R 

17-42 

413-4 

2-31 

61-85 

16-496 

38!;-0 

4-44 

6-00 

13-17 

347-6 

6-69 

49-85 

10-96 

310-6 

8-90 

1057 

8-796 

275-2 

10-96 

161-5 

6-633 

233-8 

13-16 

217-4 

4-44 

195-5 

15-48 

295-6 

2-295 

162-2 

17-45 

351-6 

0-0 

106-5 

20-0 

452-1 

Table  v.— Maximum  Value  of  Magnetising 

Force  = 

30   C.G.S. 

Units. 

+H. 

a     i    .H. 

B.         '      -H. 

B. 

-H.      1 

B. 

28 -46 

768-6 

18-21 

26-67 

713-86 

10-97 

402 

16            4-47 

142-66 

19-64    , 

866-1 

28-76 

684-2 

8-B7 

447 

16           6-68 

86 -68 

21-88     1 

468-8 

22-19 

660-8 

6-61 

401 

»     :      8-86 

19-74 

627-9 

4-89 

866 

4      j    11-17 

48-9 

26-65     1 

666-4 

17-86 

608-3 

2-46 

322 

IS          18-16 

I3S-0 

38-43    { 

746  76 

16-63 

661 -OB 

0-0 

268-88     !     16  -24 

167-0 

80-00     1 

778-8 
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Table  VI.- 

-Maximum  Magnetising  Force  =  40  C.G.S.  Unita. 

+  H. 

B. 

-t-H. 

B. 

-H. 

B. 

-H.                 B. 

»7-0l 

1077-0 

17-28 

801-9 

8-64 

886-8 

19-46          808-88 

94-21 

iota-? 

14-69 

768-7 

4-89 

343-1 

21-66          819-98 

38  82 

1019 -0 

12-82 

738-0 

6-86 

aaa-o 

84-26     1      428-68 

s»-si 

970  1 

10-67 

694-8 

8-89 

806 -6 

26-88     (      456-8 

»7-77 

964-6 

7-98 

MS -2 

10-98 

141-8 

87-78 

B68-8 

e-01 

608-6 

18 -oa 

>8-89 

897-8 

8 -78 

668-4 

16-88 

24 -S2 

88-94 

867-4 

ai-oe 

8S4'8 

8-64 

621-2 

16-80 

21-47 

86-68 

976-1 

18-89 

888-8 

0 

464-9 

"■" 

ice -88 

40-00 

1118-0 

Table  VII.— Maximum  Ml^;tteti8ing  Force  =  50  C.G.S.  Unita. 


+H. 

B. 

+  H. 

B. 

-=■ 

B. 

-H. 

778-8 

46-87 

1888-8 

34-91 

1188-0 

6-60 

648-4 

84-60 

46-66 

1876 

1 

28-88 

1086-0 

8-47 

4E3-0 

88-36 

018-0 

1860 

H 

30-78 

1063-9 

18-92 

392-86 

40-88 

1837 

18-67 

1031-8 

17-77 

87-60 

46-66 

1268-9 

39-01 

1808 

* 

17-04 

990-4 

22-16 

182  1 

48-0 

1864-0 

1264 

tl 

16-88 

976-6 

26-68 

381  1 

88-89 

1846 

7 

18-89 

023-1 

80-08 

683-0 

38-36 

1221 

» 

8-91 

830-9 

1189 

8 

4-36 

768-8 

28-18 

1167 

3 

0 

674-8 

Table  VIII.— Maximum  Magnetising  Force  =  60  C.(x.S.  Units. 
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Table  IX.— Maximum  Magnetising  Force  =  70  C.G.S.  Unite. 
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The  figures  in  the  above  tables  having  been  set  out  in  the  form  of 
hysteresis  loops  or  cyclical  magnetisation  curves,  the  areas  of  these  curves 
were  taken  in  square  ceutimeti'es,  and  by  division  by  4ir,  the  energy  loss  in 
ergs  per  cubic  ceatimetre  per  cycle  of  m^netisation  was  obtained.  The 
final  results  are  set  out  in  Table  X. 

Table  X — Cyclical  Magnetisation  Curves  and  Hysteresis  Energy  Losses 
per  Cycle  of  Mimetic  Alloy  No.  1871. 


Maximum  value 

Maximum  value 

Eoei%y  loss  in 
ergs^r  cub. 

of  the  magnetisiug 

of  the  flux 

force  in  C.G.S. 

density  in 

cm.  per  cycle  " 

units  in  each  cycle. 

each  cycle. 

area/lx. 

H„.. 

R^ 

K. 

10 

184-3 

36-02 

20 

452-1 

464-8 

30 

773-8 

1589-2 

40 

1112-0 

3600-4 

50 

1419-3 

6336-0 

60 

16130 

7258-0 

70 

1859-9 

10880-0 

From  the  figures  in  Table  X.  a  curve  can  be  set  out  (see  fig.  3)  which 
delineates  the  relation  between  E  and  Bnui>  or  the  energy  expenditure 
required  to  carry  the  ma^etic  alloy  through  one  complete  magnetic  cycle  of 
operations  and  the  maximum  value  of  the  dux  density  during  that  cycle. 
This  curve  is  shown  in  fig.  3  (on  the  left  hand)  as  a  curve  concave  upwards. 
If,  instead  of  plotting  in  terms  of  E  and  Baa  as  taken  from  Table  X,  we  plot 
the  logarithms  of  these  quantities,  we  obtain  a  nearly  straight  line,  as  shown 
on  the  right-hand  side  of  diagram  3. 

The  values  in  Table  X  show  that  the  energy  loss  per  cycle  may  be 
represented  as  an  exponential  function  of  the  maximum  flux  density  by  an 
expression  of  the  form 

E  =  )jEi„  , 

where  n  is  some  exponent  and  ti  some  constant. 
We  find  the  numerical  values  to  be  best  represented  by  the  expression 

E  =  00005495^^. 

The  exponent  n  in  the  case  of  iron,  nickel,  and  cobalt  is  a  number  not 
far  from  1'6.  In  the  case  of  this  alloy  the  hysteretio  exponent  between 
H„u»  =  10  and  Ka„  =  70  has  a  much  higher  value,  viz.,  2-238. 
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From  the  above  observations  we  are  then  able  to  draw  the  following 
conclusions : — 

(i)  The  alloy  No.  1871,  composed  of  copper,  alumininm,  and  manganese, 
in  the  proportion  mentioned  above,  exhibits  magnetic  properties  which  are 
identical  with  those  of  a  feebly  ferro-magnetic  material 

(ii)  The  magnetisation  (or  B,  H)  curve  is  of  the  same  general  form  as  that 
of  a  ferro-magnetic  metal  such  as  cast  iron,  and  indicates  that  with  a 
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sufficient  force,  a  state  of  magnetic  saturation  would  most  probably  be 
attained. 

(iii)  The  alloy  exhibits  the  phenomenon  of  magnetic  hysteresis.  It 
requires  work  to  reverse  the  mt^etisatiou  of  the  material  and  to  cany 
it  through  a  magnetic  cycle. 

(iv)  The  material  has  a  maximum  permeability  of  28  to  30,  which  is  not 
greatly  inferior  to  that  of  the  values  reached  for  cobalt  or  a  low  grade 
of  cast  iron  for  small  magnetic  forces,  and  occupies  a  position  intermediate 
between  the  permeability  of  the  ferro-magnetic  aod  the  merely  pararmagnetic 
bodies,  such  as  liquid  oxygen  and  ferric  chlorida 

(v)  The    material    exhibits,    therefore,    the    phenomenon     of    magnetic 
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retentlvity  and  coercivity.  It  is  not  merely  magnetic,  bnt  can  be  permanently 
magnetised. 

We  ate  led  by  these  results  to  conclude  that  the  magnetic  properties  of 
this  alloy  must  be  based  on  a  certain  similori^  of  moleculu-  atnictare  with 
the  familiar  ferro-magnetic  metals. 

The  hypothesis  which  best  fits  the  facts  of  ferro-magnetism  is  ihab 
materials,  such  as  iron,  nickel,  and  cobalt,  are  composed  of  molecular  groups 
which  are  permanently  mt^netic,  and  that  the  process  of  producing  or 
changing  the  evident  nu^netisation  of  a  mass  of  these  metals  consists  in 
arranging  or  disturbing  the  positions  of  these  molecular  magnets.  Since 
then,  we  have  in  this  alloy  an  instance  of  fairly  strong  ferro-m^netism 
produced  by  an  admixture  of  metals  possessit^  in  themselves  separately  no 
such  property,  it  follows  that  ferro-magnetism  per  ae  is  not  a  property  of  the 
chemical  atom,  but  of  certain  molecular  groupings. 

The  importance  of  this  fact  cannot  be  easily  overstated.  It  shows  us 
that  in  spite  of  the  fact  that  ferro-mf^netism  has  been  hitherto  regarded 
as  the  peculiar  characteristic  of  certain  chemical  elements — iron,  nickel,  and 
cobalt — it  may,  in  fact,  depend  essentially  on  molecular  grouping  composed 
of  a  comparatively  large  number  of  molecules,  and,  hence,  it  may  be  possible 
to  construct  alloys  which  are  as  magnetic  or  even  more  magnetic  than  iron 
itself. 

[Note  added  June  2. — We  have  furthermore  conducted  experimenta  on  the 
magnetic  qualities  of  the  alloy  No.  1888/7,  and  we  find  them  generally  to 
be  similar  to  those  of  the  alloy  No.  1871.  The  alloy  No.  1888/7  has  lees 
manganese  (about  6  per  cent)  and  more  copper  (about  8  per  cent.)  in  it  than 
the  alloy  No.  1871.  In  addition,  alloy  No.  1888/7  contains  4  per  cent  of 
lead.  The  magnetis&tion  curve  of  the  alloy  No.  1888/7  was  taken  with 
gradually  increasing  magnetisii^  forces  up  to  H  =  220.  The  magnetisation 
curve  is  rather  flatter  than  that  of  ring  No.  1871,  and  the  maximum 
permeability  reaches  a  value  of  only  14  for  sample  No.  1888/7,  instead  of 
nearly  28.  A  series  of  hysteresis  loops  was  taken  between  the  same  limits 
of  magnetising  force  as  in  the  case  of  ring  No.  1871,  and  from  their  areas  a 
curve  set  out  showing  the  hysteresis  loss  in  ergs  per  culnc  centimetre  per 
cycle  (E)  in  terms  of  the  maximum  value  of  the  flux  density  during  the 
cycle  (B„.^).  We  found  that  the  relation  of  these  two  quantities  could  be 
expressed  by  an  exponential  function,  viz. : — 

E  =  0-000776  B^. 

Hence  it  appears  that  for  both  alloys  No.  1871  and  No.  1888/7  the 

hysteretic  exponents  are  not  very  different,  being  respectively  2*238  and 
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2-288,  whereas  the  bTsteretic  conataats  are  very  different,  being  respectively 
0-0006495  and  0-000776. 

It  is  clear,  therefore,  that  both  these  alloys,  although  magnetic,  have  far 
greater  hysteresis  than  pure  iron,  nickel,  or  cobalt,  for  corresponding  cycles  of 
magnetisation. 

We  hope  to  find  opportunity  of  carrying  out  similar  experiments  at  various 
temperatures,  as  the  determination  of  the  critical  temperature  at  which  these 
alloys  will  lose  their  m^netic  susceptibility  is  evidently  a  very  interesting 
matter.] 

In  conclusion,  we  desire  to  record  our  thanks  to  the  actual  observers  who 
have  taken  the  many  thousands  of  observations  necessary  to  obtain  the 
figures  here  given.  This  observational  work  was  done  by  Messrs.  Westerdale, 
Bullma-D,  Bamsay,  Tarlton,  and  Nichols,  students  working  in  the  Pender 
Electrical  Laboratory  of  University  College,  London,  The  work  was  carefully 
superintended  by  Mr.  W.  C.  Clinton,  B.Sft,  the  demonstrator  in  the  Pender 
Laboratory,  to  whom  also  thanks  are  due  fot  the  care  with  which  it  has  been 
carried  out. 
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Preliminary  Notes  on  Observations  made  with  a  Horizontal 

Pendulum  in  the  Antarctic  Regions. 

By  J.  MiuJE,  F.E.S. 

{ReceiTed  May  29,— Road  June  8,  190B.) 

Amongst  the  various  records  brought  home  by  the  sb.  "  Discovery "  from 
the  Antarctic  Begions,  a  long  series  refer  to  the  movements  of  a  horizontal 
pendulum.  This  instrument,  which  is  similar  to  a  type  adopted  by  the 
British  Association  and  established  at  38  widely  separated  stations  in  various 
parts  of  the  world,  was  in  charge  of  Mr.  Louis  Bemacchi. 

When  we  read  Mr.  Bemacchi's  1<^  we  recognise  the  exceptional  difficulties, 
meteorological  and  otherwise,  under  which  he  worked.  This  and  the  fact 
that  a  hurried  departure  only  admitted  of  a  few  hours'  instruction  in  the 
practical  working  of  the  instrument  he  had  to  use,  entitle  him  to  the  sincerest 
congratulations  on  the  results  he  has  brought  home. 

I'rom  March  14  to  November  9,  1902,  the  instrument  with  its  boom 
pointing  from  north  to  south  was  installed  in  a  hut  with  the  magnetometers. 
It  rested  on  a  pillar  made  from  an  earthenware  drain-pip&  From 
November  14,  1902,  to  December  31, 1903,  it  was  placed  on  a  brick  column 
erected  in  a  living  hut.  These  huts  were  30  to  50  feet  above  sea-level  at  a 
place  in  longitude  166°  44'  43"  E.  and  latitude  77°  50'  60"  S.,  about  15  miles 
distant  from  Mounts  Erebus  and  Terror.  The  former  of  these  volcanos  was 
always  active. 

The  records  obtained  refer  to  Changes  in  the  Vertical,  Tremors,  Pulsations, 
and  Earthquakes.  In  many  instances  these  records  when  taken  by  themselves 
have  bttle  value,  but  when  analysed  in  conjunction  with  registers  obtained 
by  similar  and  similarly  installed  apparatus  at  very  distant  stations  they 
throw  light  upon  hitherto  unsuspected  phenomena  which  take  place  within 
and  on  the  surface  of  our  world. 

I.  Changes  in  the  Vertical, 

Changes  in  the  position  of  the  outer  end  of  the  pendnluiQ,  which  is  an 
aluminium  boom  three  feet  in  length,  have  been  measured  on  the  seismo- 
graphic  films  at  intervals  of  four  hours,  and  in  certain  instances  every 
30  minutes.  These  films  are  strips  of  bromide  paper  each  2  inches  in 
width  and  35  feet  in  length.  They  moved  beneath  the  end  of  the  boom  at  a 
rate  of  60  mm.  per  hour.    The  total  length  of  film  brought  home  by 
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Mr.  Bemacchi  is  about  3000  feet.  One  miUimetre  deflection  of  the  photo- 
graphic trace  of  the  outer  end  of  the  boom  ia  approximately  equivalent  to  a 
tilt  of  0-6". 

The  measurement  of  the  displacement  of  these  traces  was  undertaken  by  my 
assistant,  Mr.  Shiuobu  Hiroto,  and  Mr.  Howard  Borgeas,  of  Newport,  and  it  is 
in  consequence  of  their  kind  aasistance  that  the  analyses  of  these  records 
have  reached  their  present  stage.  The  results  are  at  present  in  two  forms — 
OB  a  manuscript  r^pster  and  aa  a  series  of  curves  drawn  on  squared  paper. 
Before  the  analysis  of  these  records  can  be  completed  they  must  be  supple- 
mented with  corresponding  records  from  barographs  and  thermographs.  The 
times  of  total  darkness,  contJnuous  light,  Bunrise  and  sunset  have  already 
been  entered  on  the  squared  paper.  The  times  of  sunshine  and  variatious  in 
atmospheric  electrical  conditions  have  not  yet  been  obtained.  Also,  as 
Mr.  Bemacchi  remarks,  tidal  fluctuations,  ice  movements,  changes  in  volcanic 
activity  may  also  hold  some  relation  to  the  wanderings  of  the  pendulum.  It 
is,  therefore,  desirable  that  information  relating  to  these  phenomena  should 
be  obtained. 

A  glance  throi^h  the  curves  indicates  that  there  have  been  many  com- 
paratively large  and  rapid  deflections  of  the  pendulum,  particularly  after  its 
removal  from  the  magnetic  observatory  to  the  living  hut.  for  example, 
subsequent  to  the  removal  tiltings  of  10"  have  token  place  in  20  hours. 
Displacements  of  this  magnitude  st^;gest  a  yielding  of  the  foundations  or  ports 
of  the  brick  column  on  which  the  instrument  was  installed.  My  own 
experience  is,  that  in  England  it  takes  about  12  months  for  a  masonry  pier  to 
become  stable.  A  pier  made  with  a  glazed  earthenware  drain-pipe  has  only 
its  foundation  to  settle  and  becomes  stable  more  quickly. 

There  are  other  deviations  which  may  be  seasonal,  whilst  others  have 
accompanied  marked  barometric  fluctuations.  At  certain  periods  there  have 
also  been  changes  in  position  of  the  boom  indicating  tilts  of  0*5"  to  I'O" 
which  have  approximately  a  diurnal  periodicity. 

In  "  Discovery  "  local  time  the  western  excursion  of  the  pendulum  was  most 
frequently  com^Jeted  about  11  P.H.,  whilst  it  was  usually  farthest  east  about 
3  F.M.,  and  this  took  place  whether  there  was  sun  or  no  sun.  To  explain 
these  changes  possible  distortions  produced  by  sun  heat  on  the  earth's  surface 
have  been  invoked. 

That  an  accumulation  of  a  water  load  in  a  valley  apparently  causes  its  two 
sides  to  approach  each  other,  whilst  a  body  of  men  approaching  an  observatory 
will  canae  a  pendulum  inside  the  same  to  swing  towards  the  advancing  load, 
have  strengthened  the  suggestions  that  chaises  of  level  observed  at  a  station 
might  be  influenced  by  differences  in  evaporation  or  of  vegetable  transpiration 
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OD  opposite  sides  of  sncb  a  building.    These  suggeatioiiB  have  each  received 
careful  attentioo* 

There  is  still  another  suggestion  which  I  venture  to  make,  and  it  is  one 
which,  for  many  reasons,  I  think,  deserves  consideration.  Briefly,  this  is  that 
the  observed  movements  are  not  necessarily  dae  to  tiltii^,  hut  are  due  to 
electrical  attraotiona  or  repulsions.  Factors  to  be  taken  into  account  when 
discussing  this  possibility  are  as  follows: — 

'   1.  A  small  horizontal  pendulum  can  apparently  be  made  as  sensitive  as  a 
gold-leai  electroscope,  and,  it  may  be  added,  might  be  used  as  an  electrometer. 

2.  The  Milne  horizontal  pendulum,  by  means  of  a  quartz  cup  at  the  end  of 
the  boom  and  s  silk  thread  at  the  top  of  the  tie,  is  fairly  well  insulated,  and 
responds  to  small  attractive  influences. 

3.  At  Shide,  the  free  south  end  of  a  boom  which  is  pivoted  at  its  north  end 
at  this  season  of  the  year  (May)  moves  eastwards  during  the  day  and  west- 
wards during  the  night.  A  pendulum  oriented  east-west  shows  comparatively 
but  little  motion. 

4.  Movements  take  place  when  there  is  sunshine,  even  in  a  dark  room,  but 
with  very  cloudy  or  wet  weather  the  movements  are  slight 

5.  From  an  experiment  now  in  progress  at  Shide  an  east-west  pendulum 
since  it  has  been  connected  to  earth  does  not  show  the  extensive  movements 
it  did  prior  to  being  earthed.  With  the  co-operation  of  Dr.  C.  G.  Knott,  of 
Edinburgh,  this  experiment  is  being  supplemented  with  others. 

II.  Treuwrs  and  PtUtations. 
As  shown  in  the  films  brought  home  by  the  "  Discovery,"  tremors  usually 
commence  as  intermittent  sl^ht  thickenii^.  The  thickenings  recur  at 
shorter  and  shorter  intervals  until  there  is  a  thickened  line.  This  may  have 
a  width  of  0-Z  mm.  The  period  of  the  movements  they  represent  is  probably 
near  to  that  of  the  pendulum  or  15  seconds.  The  duration  of  a  storm  usually 
lies  between  6  and  20  hours.  These  thickenings  may  develop  into  serrations 
when  we  see  that  the  period  has  been  that  of  the  pendulum.  Eegular 
movements  with  amplitudes  of  about  0'5  mm.  and  periods  of  60  or  120  seconds 
ere  evidently  forced  vibrations,  and  are  referred  to  as  pulsations.  These 
various  movements  have  been  tabulated  as  a  register  and  also  entered  on 
squared  paper  with  the  curves  showing  changes  in  the  vertical.  They  have 
not  yet  been  analysed. 

III.  Earthquakes. 
Between  March  14,  1902,  and  December  31,  1903,  although  there  were 
*  See  *  British  Aaaodation  Beporte,'  I89fi,  pp.  lis  to  139,  and  ISM,  pp^  SlStnSia 
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many  days  when  the  instrumeDt  was  not  working,  136  earthquakes  were 
recorded.  As  none  of  these  were  felt  by  the  stuff  of  the  "  Discovery,"  it 
may  be  assumed  that  none  of  them  originated  within  50  miles  of  the  station 
on  Boss  Island.  A  certain  number  were  recorded  all  over  the  world,  . 
whilst  many  were  noted  at  very  distant  observatories.  These- latter  must 
have  originated  at  distance  greater  than  600  miles.  The  measurements 
of  the  various  seismograms  have  been  drawn  up  as  a  register,  which,  as  far 
as  possible,  contains  corresponding  information  fc<Jm  43  other  stataons, 
38  of  which  have  seismographs  similar  to  that  used  by  the  "  Discovery," 

The  results  of  analyses  which,  however,  are  not  yet  completed,  point  to 
the  following  couclnsions : — 

1.  IHdrUnUion  of  Griffins. — Out  of  the  136  records,  no  less  than  73  refer 
to  disturbances  which  originated  in  a  sub-oceanic  region  lying  between  New 
Zealand  and  the  "  Discovery."  A  certain  number  of  these  were  only 
recorded  by  the  "  Discovery,"  and  the  exact  location  of  their  origin  is  very 
doubtful ;  others  were  recorded  at  Ch^istehnrch  and  Wellington,  others 
ajjain  reached  Perth,  while  some  travelled  as  far  as  their  antipodes. 

On  the  maps  published  annually  by  the  British  Associt^ion  to  indicate 
the  positions  of  origin  of  large  earthquakes,  12  districts  are  shown.  These 
are  named  by  the  letters  of  the  alphabet  from  A  to  L.  Districts  J,  I,  L 
are  not  of  great  importance.  The  extremely  active  locality,  the  existence 
of  which  has  been  made  known  by  the  work  of  the  "  Discovery,"  I  propose 
to  call  District  M.  The  high  frequency  in  the  relief  of  seismic  strain  in 
the  latter  region  indicates  pronounced  brady-seismical  movement,  an 
inference  which  is  quite  consistent  with  the  existence  of  the  active  Erebus 
and  many  other  recent  volcanic  peaks.  It  also  suggests  that  New  Zealand 
may  be  continued  towards  the  aouth-west  as  a  sub-oceanic  ridge,  accelera- 
tions in  the  growth  of  which  are  announced  by  sudden  yieldings  along  its 
base.  The  islands  of  Auckland,  Macquarie,  and  others  may  indicate  the 
existence  of  such  a  ridge,  but  I  am  not  aware  that  there  are  any  soundings 
to  confirm  the  suggestion. 

Sixteen  records  refer  to  shocks  which  originated  near  Japan — the  Philip- 
pines and  the  Celebes.  Five  had  their  centres  in  the  Himalayan  region,  and 
six  off  the  West  Coast  of  South  America. 

Seasonal  Fregueiicy  of  AntariAic  Earthquakes.  _ 
The  relative  frequency  of  disturbances  with  an  antarctic  origin  in  different 
seasons  and  months  for  the  years  1902  and  1903  is  shown  in  the  following 
table.    The  numerals  in  the  body  of  the  table  are  the  index  numbers  of 
earthquakes  in  the  "  Discovery  "  Register : — 
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Earthquakes  which  are  bracketed  occurred  within  a  few  hours  of  each 
other,  and,  therefore,  may  possibly  refer  to  the  same  relief  of  seismic  strain. 
In  the  lower  line  of  totals  each  of  the  groups  has  been  regarded  as  a  single 
disturbance.  Whichever  line  we  take,  it  seems  that  the  greatest  frequency 
has  been  in  April,  May,  and  June,  or  the  first  part  of  the  winter  months. 
The  seasonal  distribution  of  Antarctic  earthquakes  is,  therefore,  similar  to 
the  distribution  noticed  in  many  other  countries.  Dr.  Omori,  however,  has 
shown  that  earthquakes  with  a  sub-oceanic  origin  off  the  coast  of  Japan 
have  their  greatest  frequency  in  the  summer,  during  which  season  a  higher 
aveif^  sea  level  more  than  counterbalances  a  diminution  of  load  on  the 
sea  bed,  due  to  a  lower  barometric  pressure.  This  seasonal  difference  in 
load  amounts  to  18'3  mm.  of  mercury.  Whether  similar  conditions  prevail 
in  the  antarctic  regions  remains  to  be  investigated. 

On  the  yorm  of  Areas  Disturbed  by  Large  EartftgvulxM. 

For  local  earthquakes,  such,  for  example,  as  are  from  time  to  time  noted 

in  Gi«at  Britain,  we  are  prepared  to  see  isoseists  occasionally  in  the  form 
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of  circles,  but  more  frequently  in  the  form  of  ellipsea.  The  mtyor  axis  of 
any  one  of  these  ellipses  is  usually  parallel  to  the  strike  of  a  fault,  the 
sudden  yielding  on  the  foce  of  which  gave  rise  to  the  shaking.  If  the  move- 
ment originates  at  no  great  depth,  the  epifocal  area  where  motion  is  most 
pruDouQced  has  been  shown  by  Dr.  Charles  Davidson  to  lie  on  the  side  of 
the  fault  towards  which  it  hades. 

With  very  lai^e  earthquakes,  which  are  not  sufBciently  strong  to  he 
recorded  over  the  whole  surface  of  the  world,  but  which  may  reach  stations 
near  to  their  antipodes,  the  idea  of  elliptical  isoseists  requires  modification. 

For  example,  earthquakes  originating  in  District  M  to  the  south-west 
of  New  Zealand,  have  been  recorded  to  the  south-east  by  the  "  Discovery," 
and  along  a  band  about  20°  in  width,  extending  in  a  north-west  direction 
as  far  as  Britain.  They  may  or  may  not  bo  recorded  iu  India,  whilst  at 
comparatively  near  places  like  Batavia,  Manila,  and  Japan,  lying  northwatds 
from  the  origin,  they  have  been  seldom  noted.  Also  it  may  be  added  that 
they  have,  not  been  noted  at  Cape  Town,  or  at  Cordova  in  Argentina,  each 
about  80°  distant,  nor  anywhere  on  the  American  Continents.  It  would 
appear,  therefore,  that  recordable  earthquake  motion  originating  in 
District  M  may  be  propagated  as  a  band  running  in  a  north-west  direction 
as  far  as  its  antipodes.  When  more  stations  have  been  established  in  South 
America,  it  may  be  found  that  the  motion  proceeds  to  great  distances  in  two 
directions  round  the  world.    This,  however,  is  donbtfuL 

Earthquakes  originating  off  the  West  Coast  of  Soutik  America  have  been 
recorded  by  the  "  Discovery "  to  the  soutii-weat,  but  the  greatest  length  of 
recognisable  wave-path  is  found  towards  the  north-east  in  which  direction 
they  have  been  recorded  in  Western  Europe  and  also  near  to  their  antipodes 
in  Siberia.  They  have  not  been  recorded  at  stations  we  should  expect  them 
to  affect  were  they  propagated  with  equal  intensity  in  on  opposite  direction 
round  the  world. 

Disturbances  with  origins  in  Japan,  the  Philippines,  and  the  East 
Indies  have  been  recorded  as  far  south  as  the  "Discoveiy"  and  westwards 
across  Asia  and  Europe,  whilst  they  do  not  appear  to  have  reached  nearer 
stations  in  North  America.  On  the  westward  route  it  may  be  noticed  that 
the  path  would  be  sub-continental,  whilst  in  going  eastwards  it  would  be 
sub-oceanic 

The  loudness  of  the  sound  made  by  a  gun  depends  in  part  upon  the 
direction  in  which  the  gun  is  trained  with  regard  to  the  observer.  In  a 
somewhat  similar  manner,  if  we  hold  the  blade  of  a  spade  in  water  and  then 
suddenly  move  it,  the  largest  waves  are  forced  iu  the  direction  of  the  primary 
impulse. 
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If  these  analogieB  may  be  used  to  explain  why  earthquakes  from 
District  M  are  propf^ted  more  vigorously  in  a  north-west  direction  rather 
than  in  any  other,  one  inference  is  that  the  fault  or  faults  horn  which  these 
disturbances  spring  strike  in  a  north-east  and  south-west  direction,  that  is, 
they  are  parallel  to  the  Ifew  Zealand  axis,  and  they  hade  towards  the  direction 
of  the  longest  path  along  which  movement  is  recorded.  Similar  inferences 
may  be  made  with  regard  to  the  origins  of  movements  in  other  districts. 

Velocity  DeUrminaiwnt. — In  a  few  instances,  when  accurate  data  have  been 
obtainable,  calculations  have  been  made  of  the  speeds  with  which  earthquake 
motions  have  been  transmitted  in  various  directions  round  and  through  the 
world. 

Speeds  along  paths  which  are  continental  are  beii^  compared  with  those 
which  are  sub-oceanic  For  example,  for  earthquakes  with  origins  off  the 
coast  of  Eastern  Asia,  the  rate  at  which  waves  have  been  transmitted 'across 
Asia  and  Europe  may  be  compared  with  the  rate  at  which  the  same  travelled 
beneath  the  Pacific  Ocean  to  New  Zealand  and  the  "  Discovery."  Certain 
tables  relating  to  speed  strengthen  the  suggestion  that  for  particular  phases  of 
earthquake  motion  velocity  is  not  constant  Other  tables  relating  to  rate  of 
propagation  are  only  of  value  as  indications  of  the  character  of  motion 
which  has  reached  distant  stations. 

A  knowledge  of  the  time  taken  by  earthquake  waves  to  travel  from  one 
seismic  region  to  another  occasionally  leads  to  the  conclusion  that  one  earth- 
quake may  be  regarded  as  the  final  cause  of  a  second  disturbance.  Illustia- 
tions  of  earthquakes  having  or^ijnated  in  a  district  at  the  times  when 
teleseismic  movement  reached  that  district,  are  to  be  found  in  earthquakes 
numbered  4,  8,  45,  48,  and  117. 

The  Surviving  PhoM  of  Earthquake  Motion. 

With  exceptionally  large  earthquakes  we  may  obtain  -  at  very  distant 
stations  seismograms  which  exhibit  all  three  phases  of  earthquake  motion. 
More  frequently,  however,  at  such  stations  the  record  is  a  mere  thickening  of 
the  photographic  trace,  a  small  fraction  of  a  millimetre  in  amplitude,  and 
with  a  duration  of  3  or  4  minutes.  Near  to  its  or^in  the  maximum  motion 
of  the  same  earthquake  may  have  been  pronounced,  while  its  total  duration 
may  have  extended  over  at  least  1  hour. 

The  test  which  has  been  used  to  determine  the  phase  of  motion  to  which 
the  surviving  tremors  represented  by  a  thickening  are  to  be  referred  has  been 
determinations  of  the  speed  with  which  they  have  been  transmitted  from  their 
origin  to  the  station  at  which  they  were  observed.  In  a  few  instances  the 
times  of  origin  and  the  positions  of  epifocal  districts  have  been  obtained  with 
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a  fftir  amount  of  accuracy,  and  the  reBults  relating  to  earthquake  speeds  may 
be  regarded  as  reliable  determinations  of  the  same. 

This,  however,  is  not  the  case  with  the  majority  of  velocity  tables  which 
have  been  compiled,  the  i-eason  being  that  they  have  been  dependent  upon 
data  relating  to  times  of  origin  and  positions  of  centres  which  in  all 
probability  may  in  certain  instances  deviate  by  5*^  in  distance  and  6  minutes 
in  time  from  the  truth. 

Notwithstanding  this,  as  the  velocities  of  Pi,  Pi,  Ps  for  long  arcs  are 
respectively  about  12,  6,  and  3  kilometres  per  second,  although  the  velocities 
deduced  for  surviving  phases  may  want  in  accuracy,  they  seem  to  be  sufficient 
to  suggest  the  type  of  wave  to  which  they  belong.  The  type  determined 
appears  to  be  Pa,  which  at  stations  comparatively  near  to  the  origin  is 
announced  as  an  undulation  of  the  earth's  surface.* 

On  a  Suspected  Quadranlal  Acceleration  in  Earthquake  Speai. 

The  earthquakes  here  referred  to  are  those  which  have  been  recorded  at 
stations  situated  at  distance  of  at  least  90*^  from  their  origins.  In  well- 
defined  seismograms  .these  disturbances  show  three  phases  of  motion.  The 
preliminary  tremors,  or  Pi,  reach  statioDS  60°  to  180"  distant  from  origins 
with  averse  chordal  velocities  increasing  from  11  to  12  kilometres  per  second. 
These  may  be  compressional  waves.  Following  these  a  phase  Pj,  which  may 
refer  to  disturbance  of  body  waves,  which  have  over  paths  from  30°  to  160° 
in  length  average  arcoal  velocities  increasing  from  4*2  to  64  kilometres 
per  second.  Lastly,  there  is  the  maximum  motion,  or  Pa,  which  has  an 
approximately  constant  arcual  velocity  of  3  kilometres  per  second. 

For  the  commencement  of  this  phase,  which  is  apparently  recorded  as  an 
undulating  movement  of  the  surface  of  the  earth,  and  may  therefore  be 
regarded  as  being  partially  gravitational  in  character,t  the  velocity  becomes 
3'3  kilometres  per  second.  With  regard  to  Pj,  this,  however,  is  a  general 
statement.     Within  10°  of  an  origin,  the  value  for  P3  appears  to  be  less  than 

3  kilometres  per  second,  whilst  in  the  quadrantal  region  it  may  exceed 

4  kilometres  per  second.  These  are  also  indicative  of  variation  in  velocity  in 
the  antipodean  regions.  The  values  for  Pa  also  appear  to  be  increased  in  the 
quadrantal  region.  These  velocity  changes  were  first  discussed  in  a  British 
Association  Eeport  for  1900,  p.  64  et  teq.,  but  the  data  then  at  hand  were  not 
sufficient  to  sustain  any  definite  conclusion. 

The  observations  made  by  the   "  Discovery,"   taken  in  conjunction  with 
observations  referring  to  the  same  earthquakes  made  at  other  stations,  have 
*  For  list  of  ahocke  ahowing  these  aurvivala,  se«  '  Antipodean  It«ciuTeiicea,'  p.  29S. 
t  The  influence  of  graTitation  has  been  dUcuased  by  Bromwich,  in  '  Proc.  Lond  M&th. 
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added  to  the  material  illastrating  tie  phenomena  here  considered,  and  it  is 
for  this  le&son  that  I  have  ventoied  to  bring  the  subject  to  the  notioe  of  the 
Eoyal  Society. 

Something  analogous  to  the  movement  recorded  on  the  surface  of  the  earth 
is  seen  in  Whewell's  Oceanic  Cotidal  Chart.*  In  the  narrowest  part  of  the 
Atlantic,  between  Africa  and  South  America,  the  lines  representing  the  hourly 
change  in  the  position  of  the  tidal  creet  are  crowded  together.  As  these  travel 
northwards  into  the  broader,  and  in  places  somewhat  deeper,  water,  they  are 
more  widely  separated.  In  other  words,  the  tidal  wave  travels  more  quickly 
in  the  broader  and  deeper  portions  of  ocean  than  in  the  narrower  jrartions 
where  it  is  retarded.  Although  the  chart  may  not  be  "perfectly  trust- 
worthy,"! it  at  least  su^eets  that  a  seismic  wave  of  the  type  Pt  may  be  less 
constrained,  and  therefore'  travel  more  quickly  in  ite  quadrantal  than  in  its 
polar  region.  This  comparison  is  only  intended  to  illuatrate  a  form  of 
pt^^ress,  and  not  to  suggest  that  the  factors  governing  the  variations  in  speed 
of  the  tidal  and  seismic  waves  are  in  any  way  identical  Further,  the  seismic 
wave  at  its  antipodes  shows  an  apparent  increase  in  its  velocity,  which  is  the 
reverse  of  that  which  would  be  expected  by  a  tidal  wave  when  approaching 
the  head  of  nii  oceanic  inlet. 

It  might  be  assumed  that  the  earthquake  wave  passes  beneath  a  crust  and 
over  a  nucleus,  into  which  it  merges.  The  upper  portion  of  snch  a  wave 
would  be  more  retarded  than  its  lower  portion.  It  may  also  be  imagined 
that  the  more  swiftly  moving  lower  portion  on  the  first  90°  of  its  path 
fails  to  give  a  surface  indication  of  its  existence  because  its  external 
boundaries  are  widening.  In  the  quadrantal  region  the  periphery  of  the 
boundaries  are  fairly  constant,  and  it  is  here  that  we  find  apparent  accelera- 
tion in  its  speed.  Still  farther  on  its  journey  excessive  contraction  of  the 
boundaries  results  in  retardation  of  the  waves. 

This  is  merely  a  suf^estion  for  the  explanation  of  a  phenomenon  the  true 
solution  of  which,  as  Dr.  C.  G.  Knott  points  out,  is  in  all  probability  to  be 
found  by  a  consideration  of  effects  partially  due  to  ditTerences  in  the  speed  of 
surface  waves  and  of  body  waves. 

Antipodean  Be-appearaiuxs. 

For  some  years   post  I  have   noticed  that  earthquakes  which  had  their 

origin  in  the  vicinity  of  New  Zealand,  and  were  recorded  in  that  country, 

have  also  been  recorded  in  Britain,  particularly  at  Bidstone,  but  bad  not 

necessarily  been  recorded  at  intermediate  stations.    The  "  Discovery  "  records. 

•  3m  "The  Tides,'  by  G.  H.  Darwin,  p.  172. 
t  IbUL,  p.  173. 
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taken  in  oonjuuction  with  those  from  Chriatohurch,  WellingtoD,  and  Perth, 
have  confirmed  this  obeerration,  and  we  have  now  a  number  of  instances 
where  the  movement  from  an  epifocal  area  has  travelled  round  and  through 
the  world,  to  re-appear  as  a  recordable  quantity  at  its  antipodes. 

It  is  not  af&rmed  that  in  the  r«^oD  between  an  epicentral  district  and  its 
pole  seismic  movement  did  not  reach  the  surface  of  Uie  earth,  but  only  that 
even  wiUi  instruments  very  much  more  sensitive  than  the  Milne  type  motion 
has  not  been  detected.  The  phenomena  under  consideration  m^ht  also 
be  described  as  antipodean  resui^ences,  convergences,  focal  effects  or 
eotUrecoups,  each  of  which,  however,  might  be  objected  to  as  implying  an 
expIaoaUon  for  this  antipolu  relationship. 

In  the  preceding  r^^ters  we  find  the  following  19  iUustrations  of  possible 
re-appearances,  viz. :  Numbers  1,  32,  34,  51,  53,  69)  83,  89,  91,  93,  95,  96, 
108,  111.  116,  117,  120,  129,  and  130. 

Out  of  these  it  seems  that  with  earthquakes  numbers  1,  34,  83,  89,  95,  96, 
117, 120,  and  129,  the  surviving  phase  has  been  F|.  At  Hamburg,  Strassburg, 
and  other  stations  where  there  are  pendulums  with  a  shorter  period  and  a 
higher  multiplication  than  those  of  the  Milne  type,  Pi  has  occasionally  been 
recorded,  t^.,  this  is  the  case  with  numbers  1,  93,  111,  and  130.  In  other 
instances  the  polar  responses  have  been  nearly  simultaneous,  a  conclusion, 
however,  which  for  many  reasons  may  be  more  apparent  than  real. 

The  interpolar  transit  of  a  wave  of  the  Ps  type  may  be  compared  with  that 
of  a  deep'Sea  wave  down  a  rapidly  widening  and  then  up  a  similar  but 
rapidly  narrowing  estuary.  The  dimensions  of  these  estuaries  are  assumed 
to  be  large.  When  half-way  on  its  journey  the  height  of  the  wave  and  its 
enei;gy  per  unit  area  would  be  leaa  than  at  its  commencement  or  its  terminus. 
It  might,  therefore,  traverse  the  central  area  and  not  be  noticed,  but  because  of 
subsequent  convez^nce  it  might  become  recognisable  at  points  still  further 
from  its  origin. 

With  very  large  earthquakes  the  movements  were  recorded  all  over  the 
globe,  and  from  experimeots  -  now  in  progress  at  Pribram,  in  Bohemia, 
the  seismogroms  obtained  at  a  depth  of  1150  metres,  although  they  show  a 
diminished  amplitude,  they  difier  but  little  from  those  relating  to  the  same 
distarbaDces  recorded  on  the  surface.  The  earthquakes  we  have  to  consider 
an)  of  this  type,  but  less  in  magnitude.  Let  us  im^ne  one  of  these  smaller 
efforts  to  start  over  an  epifocal  cap  subtending  10°  at  the  centre  and  that  this 
expands  as  a  ring  6**  in  width  until  it  reaches  the  quadrantal  r^on.  The 
area  of  the  cap  or  ring  in  the  two  positions  will  be  approximately  as  1  to  11, 
and  if  we  neglect  loss  due  to  friction  and  assume  constant  energy,  the 
intensity  will  be  diminished  in  like  ratio.    With  such  conditions  it  seems 
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conceivable  that  a  disturbance  might  be  missed  in  the  quadrantal  region  and 
recorded  at  its  antipodes.  The  distance  to  which  motion  would  invade  the 
Buperficial  region  between  the  focus  and  the  quadrantal  region  would  depend 
upon  the  intensity  of  the  disturbance  at  its  origio. 

The  resppeantnoe  of  Fi,  which  is  probably  a  condensational  wave,  may  be 
accounted  for  by  assuming  that  reflections  are  focuaaed  in  an  antipodean 
region. 

Dr.  C.  G.  Knott,  writing  on  this  subject,  says  the  phenomena  may  find  its 
analogue  in  that  which  occurs  in  a  whispering  golleiy.  Imagine  an  earthquake 
starting  at  a  good  depth,  somewhat  deeper  than  the  line  which  separates  the 
fairly  homogeneous  nucleus  from  the  heterogeneous  crust  It  is  conceivable 
that  under  these  circumstances  the  surface  waves  might  not  have  time  or 
opportunity  to  gather  force.  The  disturbances  might  be  mostly  reflected  at 
the  higher  incidences,  that  is,  at  the  nearer  parts  uf  the  hemispherical  shell. 
After  the  quadrantal  regions  were  passed,  however,  the  waves  would  impinge  at 
more  acute  angles,  and  the  surface  waves  would  be  started  in  sufficient 
strength  to  make  themselves  appreciable.  And  note  that,  because  of  this  very 
reBection  at  the  nearer  ports  of  the  surface,  there  would  be  condensation 
towards  the  antipodal  regions,  there  would  be  a  greater  supply  of  energy  to  draw 
upon  in  the  production  of  the  surface  waves  there.  The  theory  is  in  fact  that 
nnder  certain  conditions  of  start  the  surface  waves  would  be  started  late,  not 
exactly  in  the  neighbourhood  of  the  earthquake,  but  on  towards  the  quadrantal 
regions. 

SeUmograms,  Pvieations,  Magnetograma,  and  the  Value  of  g. 

It  is  now  well  known  that  at  certain  observatories  magnetic  needles  are 
frequently  disturbed  by  uufelt  earthquake  motion.  To  throw  light  upon  the 
consequent  irregularities  which  from  time  to  time  are  shown  in  the  magneto- 
grams  at  particular  stations,  horizontal  pendulums  have  been  established.  The 
records  given  by  the  latter  instnitnents  are  due  to  mechanical  movements,  but 
whether  the  corresponding  perturbations  shown  in  the  magnetograms  are  due 
to  a  similar  cause  ia  by  no  means  certain.  At  one  station  teleseismic  move- 
ment may  disturb  surrounding  and  subjacent  magnetic  materials,  with  the 
result  that  needles  at  that  station  may  respond  to  magnetic  effects,  which 
would  not  be  the  case  at  stations  where  the  neighbouring  materials  which  had 
been  equally  disturbed  were  non-m^netic. 

At  Ross  Island  the  basalts  are  distinctly  magnetic,  while  Mount  Erebus 
and  other  recent  cones  indicate  that  physical  and  chemical  characters,  and  also 
the  arrangement  of  magnetic  materials,  have  suffered  chauge. 

The  varying  activity  of  Erebus  suggests  that  these  hypogenic  processes 
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have  not  jet  ceased,  and  with  eeismic  diaturbancee  it  seems  probable  that 
large  bodies  of  magnetic  magmas  and  rocks  are  at  least  temporarily 
disturbed  and  altered.  We  might,  therefore,  anticipate  that  the  larger 
seismograms  obtained  by  the  "  Discovery "  would  be  accompanied  by  cori^e- 
sponding  perturbations  in  the  magnetogram&  That  a  slight  relationship  of 
this  description  exists  has  already  been  noticed  by  Mr.  Bemacchi,  but  now  that 
the  register  of  Uie  "  Discovery  "  has  been  extended  this  may  be  more  clearly 
established. 

Wlien  making  this  enquiry,  large  earthquakes  which  -for  various  reasons 
were  not  recorded  by  the  "  Discoveiy  "  should  not  be  overlooked.  Also  that 
Uie  time  at  which  disturbances  of  magnetic  needles  might  be  expected  would 
probably  correspond  with  the  arrival  of  phase  Pg  must  be  Itept  in  mind. 

To  strengthen  the  assumption  that  "  pulsations  "  are  actual  movements  of 
the  earth's  surface,  it  would  be  of  interest  to  compare  the  times  when  these 
were  frequent  with  the  periods  when  mf^etic  needles  were  unsteady  or 
showed  oscillatory  movements. 

The  fact  that  the  magnetic  rocks  on  Eose  Island  have  a  high  deasity  ia  one 
reason  which  would  lead  us  to  expect  a  marked  difference  between  the 
observed  and  calculated  values  for  g. 
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On  the  Application  of  Statistical  Mechanics  to  the  General 

Dynamics  of  Matter  and  Ether. 

By  J.  H.  Jeahs,  M.A.,  Fellow  of  Trinity  College,  Cambridge. 

(Communicated  by  ProfeBBor  J.  Larmor,  Sec.  RS.    Beceired  May  19, — 
Head  June  8,  1905.) 

The  General  Method  of  Statistical  Mtchanics. 

I.  One  branch  of  abstract  dynamics,  which  is,  perhaps,  best  known  under 
the  name  of  Statistical  Mechanics,  attempts  to  discover  as  much  as  possible 
about  the  motion  of  a  dynaniical  system  when  the  specification  of  the  system 
is  either  partially  or  fully  known,  but  the  initial  configuration  of  the  system 
is  either  not  known  at  all,  or  is  only  partially  known.  A  complete  solution 
of  the  problem  wonld  require  not  only  a  full  knowledge  of  the  dynamical 
specification  of  the  system,  but  also  a  full  knowledge  of  the  initial  configura- 
tion of  the  system.  These  not  being  given,  it  is  obvious  that  the  problem 
cannot  be  fully  solved. 

The  method  of  statistical  mechanics  is  as  follows :  We  divide  up  all  possible 
configurations  of  the  system  into  mutually  exclusive  classes,  At,  Aj,  A«,... 
Aa,  and  calculate  the  corresponding  classes  of  solution  after  time  t  corre- 
sponding to  the  initial  configurations  of  classes  Ai,  A3...  .  Let  us  caU  the 
final  classes  of  solutions  Bi,  Bi,  Bg...  .  In  selecting  the  original  classes 
Ai,  Aa...,  we  arrange  that  the  values  of  any  co-ordinate  in  any  class  A 
shall  differ  so  slightly  from  one  another  that  the  final  values  of  the  same 
co-ordinate  in  the  solution  B  shall  also  only  differ  slightly  from  one  another. 
The  calculation  proceeds  by  an  appeal  to  the  calculus  of  probabilities.  Let 
Pi,p»,...pn  be  the  unknown  probabilities  that  the  co-ordinates  of  the  initial 
system  belong  to  the  classes  Ai,  A>,...Ah,  so  that 

;>i+i^+.--J'.  =  1. 
Let  us  suppose  that  of  the  final  classes  Bi,  Bg,...BB,  a  certain  number, 
Bi,  B3,...Bh,  possess  some  special  feature.    Then  the  probability  that  the 
system  shall  possess  this  feature  after  time  t  is 

while  the  probability  that  it  shall  not  possess  this  feature  is 

Thus  the  odds  in  favour  of  the  occurrence  of  this  feature  will  be 


Pi+j^+.-.+y- 


(1) 


Digitized  by  Google 


Mechanics  to  Dynamics  of  Matter  and  Ether,  297 

Let  ue  suppose  that  a  certaio  number,  N,  of  the  co-ordinatee  of  the  syetem 
all  occur  in  exactly  the  same  way  in  the  dynamical  specification  of  the 
system,  bo  that  the  energy  function  is  symmetrical  in  these  co-ordinates. 
Then  the  value  of  the  fraction  (1)  will  be  a  function  of  N  and  of  cerfedn 
constants,  ci,  cj,...  which  enter  in  the  specification  of  the  system  and  in  the 
probabilities  Pi, ^...  . 

The  procedure  of  statistical  mechanics  is  to  search  for  pecullArities  for 
which  the  fraction  (1)  approximates  to  the  limit  infinity,  when  N  is  very 
great.  Having  found  any  such  feature,  we  may  say  that  it  is  infinitely  probable 
that  the  peculiarity  in  question  will  present  itself  in  the  system  after  time  t, 
this  infinite  probability  being  independent  of  the  unknown  law  of  probability 
of  the  initial  co-ordinates.  As  regards  ptactical  applications  to  material 
systems,  an  infinite  probability  of  this  kind  may  be  regarded  as  a  certainty — 
e.g.,  if  the  dynamical  syetem  is  the  universe,  it  is  found  to  be  infinitely 
probable  that  the  entropy  after  time  t  will  be  greater  than  the  initial  entropy, 
a  theorom  which,  for  practical  purposes,  is  stated  with  sufficient  accuracy  by 
saying  that  the  entropy  of  the  universe  continually  increases. 

Application  to  a  HoUmomic  Dynamical  St/Hem. 

2.  In  what  foUows  it  is  assumed  that  the  system  under  discussion  is 
"  holonomic " — i.e.,  that  its  configuration  at  any  instant  is  expressible  in 
terms  of  a  number  of  co-ordinates  and  their  first  diflerential  ooeEBctents  with 
respect  to  the  time,  all  these  quantities  being  capable  of  independent  variation. 
It  is  almost  unthinkable  that  in  dealing  with  the  ultimate  structuro  of  the 
universe,  as  it  is  proposed  to  do  in  the  present  paper,  we  should  be  concerned 
with  a  non-holonomic  system.  Except  in  text-books,  such  systems  can  occur 
only  through  the  massing  bother  of  a  large  number  of  independent 
co-ordinates  into  a  smaller  number,  which  nearly,  but  not  quite,  represent  the 
lai^r  true  number.  In  fact,  certain  difTerences  of  independent  co-ordinatee 
are  assumed  to  remain  equal  to  zero  absolutely  throughout  the  motion,  on  the 
ground  that,  to  make  their  difference  vary  perceptibly  from  zero,  very  great 
forces  would  be  required.  The  actual  independence  of  the  obliterated 
co-ordinates  shows  itself,  physically  as  a  "  force  of  friction,"  and  mathemati- 
cally as  an  equation  of  constraint  of  the  kind  which  is  not  permiasible  in  a 
holonomic  system. 

We  assume,  further,  that  the  changes  in  the  coK>rdinate3  of  the  system  aro 
governed  by  equations  of  the  canonical  form 

ffr  =  -^  pr\=  -- a— .  (2) 
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where  H  is  the  Hamiltonian  function,  and  qnPrtae  a.  pair  of  corresponding 
co-ordinates  of  position  and  momentum. 

3.  If  these  pairs  of  ccMirdinates  are  K  in  number,  we  construct  an  imaginary 
Bpace  of  2N  dimensiona,  any  2N  orthogonal  axes  in  this  space  corresponding 
to  the  values  of  the  2N  independent  co-ordinates 

qi,  qa,  ...JK.  Pi.  p>,  ...pM. 
Any  conBguration  of  the  system  can  be  represented  by  a  point  in  this  space, 
and  if  the  point  is  to  continue  to  represent  the  system,  it  must  move  in  the 
space  with  the  velocities  determined  by  equations  (2). 

If  we  suppose  the  8i>ace  filled  with  a  continuona  fluid,  we  can  represent 
simultaneously  the  different  motions  of  the  system  which  correspond  to  all 
possible  initial  values  of  the  co-ordinates.  If,  in  the  notation  already  used, 
we  arrange  the  fluid  bo  that  initially  masses  ai,  at,...  are  found  inside  those 
parts  of  the  space  which  represent  the  classes  Ai,  Aj,...,  and  if  this  fluid 
moves  as  directed  by  equations  (2),  then  we  shall  find  that  after  time  t  the 
regions  of  the  space  which  represent  classes  Bi,  Bj,.,.  are  occupied  by 
masses  ai,  ot,...  of  fluid.  The  value  of  fraction  (1),  the  probability  that  the 
system  shall  now  possess  the  special  feature  considered,  is 

ai  +  aa+---+am  /^\ 

a„+i+...-|-a, 

4  The  first  and  most  fundamental  theorem  of  statistical  mechanics 
expresses  that  the  fluid  moves  as  though  incomprestiible.  For,  by  the  equation 
of  continuity, 


T>t  ^'^(dp'r'^dqj' 


and  this  vanishes  by  equations  (2),  proving  the  theorem.  Thus  there  is  no 
tendency  for  the  fluid  to  accumulate  in  any  parts  of  the  space,  and  the 
volumes  which  represent  the  classes  Bi,  Bj,.„  are  equal  to  those  at  the  corre- 
sponding classes  Ai,  A].... 

5.  If  the  full  specification  uf  the  system  were  known — i.e.,  if  the  form  of 
the  function  H,  expressed  as  a  function  of  the  p's  and  q's,  were  known — it 
might  be  possible,  by  eliminating  the  time  from  equations  (2),  to  obtain  a 
number  of  integrals  of  the  form 

'^(pi,pa,---qn)  =  eoDstant, 

^»(pit  J'»>-"Sii)  =  constant,  etc  (4) 

Equations  (4j  not  only  represent  integrals  of  the  equations  of  motion ;  they 

also   represent    families    of    surfaces   in   the  2N'-dimensional  space.     These 

families  of  surfaces  have  the  property  that  the  particles  of  fluid  in  the  space 
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can  never  cross  them ;  the  surfaces  act  as  water-tight  compartmeats  between 
which  the  fluid  moves. 

6.  If  there  are  no  integrals  of  the  form  of  equations  (4),  every  faoction 
of  2H,  p3,---Si.  9s,...will  in  general  vary  with  the  time,  and  there  will  be  no 
limits  to  the  possible  extent  of  this  variation.  Let  x  ^  ^^7  function,  such 
that  those  parte  of  the  space  in  which  x  is  numerically  less  than  a  certain 
finite  value  xi  are  finite  in  extent  There  ore  plenty  of  such  functions  to  be 
found — e.g.,pi,  qi,  the  energy,  etc  Then,  if  we  select  a  point  at  random  from 
the  whole  apace,  it  is  infinitely  probable  that  the  value  of  x  ^iU  ^  greater 
than  ^i. 

Suppose  that  we  consider  a  system,  or  a  point  in  the  generalised  space, 
starting  from  any  initial  value  of  jf,  say  X"-  ""id  moving  for  an  infinite  time. 
Knowing  nothing  about  the  initial  co-ordinates  of  the  system,  we  may  say 
that  all  points  in  the  space  are  possible  points  for  the  representation  of  the 
ultimate  state  of  the  system.  Moreover,  since  by  the  theorem  of  §  4  there  is 
no  tendency  for  the  fluid  to  accumulate  in  any  regions  of  the  space,  we  may 
say  further  that  all  points  in  the  space  have  equal  chances  of  representing 
the  final  state  of  the  system.  Hence  for  a  system  starting  from  au  arbitrary 
initial  value  xo  ot  x>  ^*'  ^  infinitely  probable  that,  after  a  sufficiently  long 
time,  the  value  of  x  ^^  ^  greater  than  any  arbitrary  value  xi-  1°  other 
words,  the  tendency  of  any  function  possessing  the  properties  we  have  ascribed 
to  ;^  is  to  increase  indefinitely  in  value. 

In  the  terminology  of  §  3,  the  special  feature  is  that  x^X*  shall  be 
positive ;  the  fraction  (3)  becomes  infinite  through  the  number  of  terms  in 
the  denominator  vanishing  in  comparison  with  the  number  in  the  nuuierator. 

Irreversibitili/. 

7.  A  tendency  to  increase  such  as  that  just  found  is  generally  described  as 
an  "  irreversible  phenomenon."  We  see  at  once  that  these  irreversible 
phenomena  are  inseparable  from  statistical  mechanics.  The  irreversibility 
follows  as  a  direct  consequence  of  the  absence  of  any  tendency  to  a^regation 
on  the  part  of  the  fluid  in  the  generalised  space,  and  this  in  turn  is  a 
consequence  of  the  perfect  reversibility  of  the  original  equations  of  motion. 

In  nature  one  function  is  known — namely,  the  entropy — which  shows  the 
tendency  to  increase  indefinitely.  Other  of  the  possible  ;^'functions  do  not, 
so  far  as  we  know,  show  this  tendency.  The  inference  is  that  the  hypothesis 
upon  which  we  have  been  working,  namely,  that  there  are  no  water-tight 
compartments  in  the  space,  is  not  justified.  There  must  therefore  be  at  least 
one  int^ral  of  the  form  of  equations  (4). 

One  integral,  as  we  know,  follows  directly  from  the  form  of  equations  (2) 
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In  paiticalar,  if  tlie  function  H  involves  the  momenta  through  tenns  of  the 
eecond  degree  only,  this  integral  is  the  enei^  int^ral,  and  it  is  consistent 
with  our  knowledge  of  the  universe  to  suppoee  that  the  integral  exists  in  this 
form. 

We  shall  therefore  suppoae  the  generalised  space  divided  into  water-tight 
compartments  by  the  family  of  surfaces 

E  =  constant, 
while  these  compartments,  ^^in,  may  be  subdivided  to  any  extent  by  surfaces 
representing  other  int^rale  of  the  aystem. 

Since  E  is  necessarily  positive,  it  is  clear  that  E  muet  be  infinite  at 
infinity  in  the  generalised  space,  the  loci  E  =  constant  being  closed  or 
tubular  surfaces,  which,  in  general,  decrease  in  size  as  the  value  of  E 
decreases.  The  moving  representative  point  no  longer  has  access  to  the 
whole  space,  so  that  the  argument  of  §  6  breaks  down,  and  the  function  \ 
no  longer  shows  a  tendency  to  indefinite  increase. 

8.  The  phenomenon  of  irreversibility  does  not,  however,  disappear 
altogether.  No  matter  bow  many  integrals  of  the  equations  of  motion  there 
may  be,  it  may  still  be  true  that  in  a  single  water-tight  compartment  some 
functions,  ^,  X'  ^^^^  ^^^  same  value, xi,  x'i>  ^^  ^  except  an  tnfinitesimally 
small  fraction  of  all  the  points  inside  the  compartment,  so  that  after  the 
system  has  been  in  motion  for  an  infinite  time,  it  is  infinitely  probable  that 
these  functiona  will  have  the  values  xi>  J('i-  Thus,  the  tendency  of  the 
functions  x>  x'>  '^  tdways  to  move  towards,  never  away  from,  the  values 
^1,  x'i>  ^nd  this  tendency  represents  an  irreversible  phenomenon. 

9.  A  good  illustration  is  afforded  by  the  Theory  of  Gases.  In  the  develop- 
ment of  this  theory,  it  is  found  convenient  at  first  to  picture  the  molecules 
of  the  gas  as  rigid  spheres,  which  together  form  a  conservative  dynamical 
system.  The  co-ordinates  of  position  and  momentum  are  the  rectangular 
co-ordinates  of  the  centres  of  the  spheres  aud  the  components  of  momentum 
of  the  spheres  respectively.  The  potential  energy  vanishes  except  during 
instants  of  collision,  and  these  form  only  an  infinitesimally  small  fraction 
of  the  whole  time.  The  kinetic  energy  may  accordingly  be  treated  as 
constant,  and  this  kinetic  energy  is  equal,  except  for  a  constant  multiplier, 
to  the  sum  of  the  squares  of  the  momenta.  Let  us  examine  the  values  of 
the  momenta  at  each  point  of  the  space,  and  let  us  tabulate  for  esch  point 
of  the  space  a  function  /(q),  such  that  the  nnmber  of  momenta  at  the  point, 
of  which  the  values  lie  within  the  narrow  limits  q  and  q+dq,  form  a 

fraction  fiq)dq  of  the  whole.    Then  the  function        /(?)log/(2)  rfy,  which 

measures  the  value  ot/(q)  averaged  for  all  the  momenta  at  the  point,  is  a 
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definite  fimction  ot  the  co-ordinatea  of  the  point,  and  possesses  the  property 
that  at  all  except  an  infiniteeimsl  fraction  ckf  the  pointer  of  any  compartmenti, 
its  value  is  nil.  Thus,  it  is  infinitely  probable  that  in  the  final  state  of  the 
gas  the  value  of  this  function  is  nil,  and  as  it  can  be  shown  that  at  all 
points  at  which  the  value  of  the  function  does  not  vanish,  this  value  is 
necessarily  positive,  it  follows  that  there  is  on  irreversible  tendency  to  a 
decrease  of  the  value  of  the  function.  When  the  value  of  the  function 
reaches  its  final  zero  value,  the  gas  obeys  Maxwell's  law  of  distribution  of 
velocities. 

In  a  universe  which  consists  of  matter  only,  without  ether,  so  that  the 
energy  is  the  sum-  of  the  energies  of  innumerable  molecules,  and  of  the 
potential  energy  of  the  intermolecular  forces  at  work  between  the  different 
molecules,  it  is  easily  shown  that  a  similar  irreversibility  must  be  found,  and 
that  in  the  ultimate  state  of  the  syBt«m  the  energy  is  distrihated  in  such 
a  way  that  the  average  kinetic  enei^  of  each  degree  of  freedom  of  each 
molecule  is  the  sama 

Statiiiieal  Mechanics  of  tke  Ether. 
10.  Let  us  next  examine  the  statistical  mechanics  of  a  universe  in  which 
ether  exists  alone  without  matter.  The  enei^  in  this  universe  consists  of 
the  energy  of  trains  of  waves  in  the  ether.  If  the  ether  has  any  boundaries, 
these  must  not  be  regarded  as  capable  of  absorbing  or  storing  energy,  but 
as  perfect  reflectors  impervious  to  eneigy.  Trains  of  waves  may  differ  as 
regards  wave-length  and  direction,  and  after  the  wave-length  and  direction 
of  a  train  of  waves  are  known,  the  train  will  be  specified  dymunically  by  the 
values  of  one  pair  of  co-ordinatea  If  we  are  considering  a  piece  of  ether 
limited  by  boundarif»,  we  must  replace  the  trains  of  waves  by  the  principal 
vibrations  of  the  ether  within  the  boundaries. 

In  either  case,  the  motion  can  be  fully  determined  when  the  initial  values 
of  the  co-ordinates  are  given,  so  that  strictly  speaking  there  is  no  need  for 
the  application  of  the  methods  of  statistical  mechanics.  It  will,  however, 
be  of  interest  to  examine  what  information  is  obtainable  by  these  methods. 
There  is  no  interaction  between  the  different  trains  of  waves  or  principal 
vibrations,  so  that  the  enei^  of  any  train  or  principal  vibration  will  remain 
constant  The  equations  which  express  the  constancy  of  this  enei^  ore 
equations  of  compartments  in  the  generalised  space,  and  if  21f  is  the  totfd 
namber  of  co-ordinates,  these  equations  are  N  in  number.  There  are. 
however,  other  integrals  to  be  obtained.  The  enei^  in  eitiier  case  is 
supposed  to  be  of  the  form 

2E  =  2(<ii^'-(-Ji^'), 
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so  that  01  and  Oi^  may  be  ti^en  as  a  pair  of  co-ordinates  o{  podticHi  and 
momentaoL    The  solation  is  kaowa  to  be  of  the  form 

01  =  Ai8in(yii+ei),        Oi^  =  Ai\/^coe(pi(+ei), 
where  pi*  =  fti/oi.    Thns 

\     ai0i     / 
and  we  have  the  integrals 

...(«=  2.  3.  ...N). 
N— 1  in  naraber.  Ilius  the  total  number  of  integtals  is  2K— l.^and  the 
compartments  are  rednced  to  lines. 

A  certain  number  of  functions  of  the  co-ordinates  can  be  found  which  do 
not  remain  constant  throughout  the  whole  length  of  a  line,  but  which  have 
the  same  values  at  all  except  an  infinitesimal  fraction  of  tlie  whole  space. 
As  an  example  we  have 

at  all  except  an  infinitesimal  fraction  of  the  points.  Thus,  the  method  of 
statistical  mechanics  shows  that  the  value  of  the  function  on  the  left  hand 
tends  to  approach  the  value  zero,  i.e.,  the  electric  eneigy  tends  to  become 
equal  -to  the  m^^etic  energy.  This  theorem,  obvious  enough  from  many 
points  of  view,  is  a  theorem  exactly  analogous  to  the  theorem  of  equipartition 
of  enei^  in  the  theory  of  gases.  It  enables  us  to  see  very  clearly  the  kind 
of  irrevereibility  with  which  we  are  coacemed  in  statistical  mechanics. 

Statistical  Mechanics  of  Matter  and  Ether. 

11.  We  shall  next  pass  to  the  consideration  of  a  system  in  which  both 
ether  and  matter  are  present.  At  first  we  shall  suppose  the  interaction 
between  ether  and  matter  to  be  very  slight,  although  not  actually  zero. 
The  advantage  of  this  supposition  is  that  the  energy  can  be  divided  into 
energy  of  matter  and  energy  of  ether;  just  as,  in  the  Theoiy  of  Gases, 
a  similar  supposition  justifies  us  in  dividing  the  enei^  into  the  sum  of  the 
energies  of  separate  molecules. 

The  whole  system  can  now  be  regarded  as  nearly  equivalent  to  the  aggrega- 
tion of  two  systems,  namely,  the  matter  and  the  ether,  and  its  co-ordinates 
will  be  very  nearly  the  same  as  the  aggregation  of  two  sets  of  co-ordinates, 
namely,  those  of  the  ether,  n^lecting  the  presence  of  the  matter,  and  those 
of  the  matter,  neglecting  its  interaction  with  the  ether.    If  '^,  ^  ...  are 


d  by  Google 


1905.]       Meckcmics  to  Dynamics  of  Matter  and  Ether.  303 

the  functioiu  of  the  ccMjidiDKtee  of  the  material  system  which  remain 
constant  when  the  ether  is  left  oat  of  account,  and  ^i,  y^, ...  the  similar 
ftmetious  of  the  co-ordinates  of  the  ether,  then  the  whole  system  of 
quantities 

will  nearly,  but  not  quite,  remain  constant.  No  single  one  of  these 
quantities  can  remain  absolutely  constant,  for  if  it  did,  there  would  have 
to  be  either  modes  of  vibration  of  the  ether  which  could  not  be  influenced 
by  the  presence  of  matter,  a  rather  inconceivable  suppoeition,  or  else 
it  would  be  necessary  that  the  values  ot  the  quantities  which  remain 
constant  Uiroughout  the  motion  of  the  matter  when  the  ether  interaction 
is  neglected  should  be  uninfluenced  by  waves  in  the  ether.  These  latter 
quantities,  however,  are  known  to  be  the  energy  and  the  six  components  of 
momentum  of  the  material  system,  and  the  phenomenon  of  the  pressure  of 
radiation  shows  tiiat  all  these  quantities  are  altered  in  value  by  waves  in  the 
ether.  The  first  possibility,  however  improbable,  that  there  are  etber 
vibrations  which  canoot  be  influenced  by  matter,  need  not  trouble  us. 
Even  if  there  are  such  vibrations  they  are  by  hypothesis  incapable  i^ 
afiecting  the  motion  in  any  way,  and  they  will  be  totally  imperceptible  to 
us,  for  our  only  perception  ot  occurrences  in  the  ether  is  derived  through 
their  influence  on  matter. 

One  quantity,  we  know,  remains  constant  throi^h  the  motion,  namely, 
Uie  total  enei^  of  ether  and  matto:.  This  may  be  regarded  as  a  modifica- 
tion of  the  equation  which  expressed,  when  matter  alone  was  present,  that 
tlie  total  material  enei^  remained  constant.  The  question  arises  as  to 
whether  there  are  other  constants  which  maiy  be  r^;arded  as  modifications 
of  the  remaining  constants  of  the  separate  systems.  Although  the  material 
momentum  parallel  to  the  axis  of  x  does  not  remain  constant  when  the 
interaction  with  the  ether  is  taken  into  account,  yet  it  may  be  that  there 
is  some  function  of  the  ether  co-ordinates  which  may  be  treated  as  ether 
momentum,  so  that  the  a^momentum  of  the  ether  plus  that  of  matter  may 
remain  constant  All  that  can  be  said  on  this  question  is  that  if  there  are 
such  functions,  they  are  entirely  unknown  to  us,  and  that  it  does  not  seem 
likely  that  the  n^lect  of  the  constancy  of  any  such  quantities  will  invalidate 
the  conclusions  to  be  arrived  at.  We  shall,  therefore,  proceed  upon  the 
assumption  that  the  only  constant  is  the  energy. 

12.  It  will  simplify  the  problem  to  b^;in  by  considering  either  a  finite 
universe,  or  else  a  finite  portion  of  an  infinite  universe,  enclosed  within 
a  perfectly  reflecting  boundary.  Let  the  number  of  d^;rees  of  freedom  of 
the  matter  inside  this  boundary,  neglecting  the  interaction  with  the  ether, 
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be  N,  so  that  there  are  2N  co-ordinates  of  the  a^^gregate  ^stem  which  very 
nearly  represent  motion  of  matter  only.  The  number  N  is  known  to  be 
actually  finite,  although  it  may  be  supposed  to  be  se  lai^  that  the  error 
involved  in  treating  it  as  infinite  will  be  negligible.  Let  the  number 
of  degi-ees  of  the  ether  be  M,  giving  2M  co-ordinates  to  the  aggteg&te 
system.  If  we  suppose  the  ether  to  have  an  absolutely  continuous  structure, 
the  number  M  will  be  absolutely  infinite.  If,  on  the  other  hand,  we 
suppose- the  structure  of  the  ether  to  be  such  that  when  magnified  sufBciently 
it  is  found  to  be  in  some  way  coarse-grained — e.g,,  if  the  ether  were  granular 
as  imagined  by  Professor  Osborne  Beynolds — then  the  number  M  will  be 
actually  finite,  although  capable  of  being  treated  as  infinite  without 
perceptible  error.  In  either  case,  M  must  be  supposed  large  in  comparison 
withN. 

The  enei^  of  the  2M  co-ordinates  of  the  ether  is,  except  for  small  terms 
arising  from  the  interaction,  expressible  as  a  sum  of  2M  squares.  The 
enei^  of  the  ZN  material  co-ordinates  may,  again  neglecting  small  terms, 
be  divided  into  kinetic  and  potential  energy.  The  kinetic  energy  is 
expressible  as  a  sum  of  squares,  namely,  the  sum  of  the  three  components 
of  energy  of  each  electron  of  which  the  matter  is  composed.  This  statement 
requires  modification  it  any  perceptible  fraction  of  the  electrons  move  with 
velocities  comparable  with  the  velocity  of  light.  We  shall  find  it  convenient 
at  present  to  assume  that  the  number  of  electrons  moving  with  these  high 
velocities  is  negligible.  Also,  if  the  electrons  are  sufBciently  near  to  one 
another,  the  kinetic  energy  must  be  modified  by  the  introduction  of  cross 
terms — products  of  two  velocity  components  of  different  electrons — but  the 
energy  still  remains  quadratic  in  the  components  of  velocity,  so  that  it 
can  be  at  once  transformed  to  a  sum  of  squares.  Thus,  the  total  enei^ 
is  expressible  as  the  sum  of  2M+N'  squares,  plus  an  unknown  potential 
energy  of  electrons.  It  now  follows,  as  in  the  proof  of  the  well-known 
theorem  of  equipartdtion  of  energy,  that  throughout  that  compartment  of 
the  generalised  space  in  which  the  system  must  now  be  represented,  the 
sum  of  any  p  of  these  squares  stands  to  the  sum  of  the  remaining  q  squares 
in  a  ratio  which  is  equal  to  p/q  at  all  except  an  infinitesimal  fraction  of  the 
compartment,  subject  only  to  the  condition  that  p  and  q  are  lai^  enough 
to  be  treated  as  infinite  without  appreciable  error.  Since  2M  and  K  satisfy 
these  conditions,  it  follows  that  the  system  tends  towards  a  state  in  which 
the  energy  of  the  ether  is  infinite  in  comparison  with  the  kinetic  energy 
of  the  matter.  In  other  words,  there  is  a  general  tendency  for  the  ether  to 
gain  energy  at  the  expense  of  matter. 

It  is,  however,  obvious  that  our  own  universe  is  at  present  far  removed 
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from  its  final  state,  so  that  the  study  of  this  final  state  ia  of  less  interest 
than  the  study  of  the  at^es  through  which  the  final  state  is  being  reached. 

13.  In  discussing  the  transition  to  the  final  state,  a  principle  which  I  have 
proved  elsewhere*  will  be  of  the  greatest  service.  Suppose  that  a  vibration 
of  any  dynamical  system  is  influenced  by  an  external  ^ency.  Then  the 
principle  in  question  asserts  that  the  ultimate  effect  of  this  influence  is 
infinitesimal,  except  when  the  external  agency  changes  to  a  considerable 
extent  in  a  time  comparable  with  the  period  of  the  vibration.  If  the  time  of 
cbai^  in  the  external  agency  is  n  times  the  period  of  the  vibration,  where  n 
is  laige,  then  the  ultimate  change  in  the  energy  of  the  vibration  vanishes  to 
the  same  order  as  e"',  a  quantity  which  soon  becomes  negligible  as  n  increases. 

Thus,  if  0  is  some  small  interval  of  time,  so  small  that  the  material  system 
may  be  regarded  as  perceptibly  unaltered  through  a  time  6,  then  the  change 
produced  in  the  energy  of  ether  vibrations  of  which  liie  period  is  less  than  6 
will  be  very  alight.  The  energy  of  such  vibrations  may  therefore  be  treated 
as  though  it  were  incapable  of  change,  at  any  rate  so  long  as  our  consideiation 
of  the  system  does  not  extend  over  a  very  long  period.  Hence  certain  of  the 
ether  vibrations,  namely,  those  of  shoitest  period,  may  be  left  out  of  account 
altogether,  as  has  already  been  done  in  the  case  of  the  vibrations  of  the  tj'pe 
discussed  in  §  11. 

The  total  number  of  modes  of  vibration  of  any  enclosed  or  unenclosed  piece 
of  ether  is,  as  has  been  said,  either  very  great  or  infinite,  but  the  number  of 
vibrations  of  an  enclosed  piece  of  ether  of  which  the  frequencies  are  below  an 
ose^ed  value  is  finita  Thus,  we  can  now  suppose  M  replaced  by  some 
smaller  number  M',  and  the  value  of  M'  will  be  finite.  So  loi^  as  we  limit 
our  consideration  of  the  system  to  a  finite  time,  say  a  miUion  years,  we  may 
regard  the  equations  e.<q)resBing  the  constancy  of  the  enei^ea  of  the  remaining 
modes  of  vibration  as  water-tight  compartments  in  the  generalised  space,  so 
that  the  whole  motion  may  be  regarded  as  taking  place  in  a  generalised  apaoe 
of  only  2  (M'  +  N)  dimensions.  The  ratio  of  ethereal  to  material  kinetic 
energy  which  obtains  through  all  but  an  infinitesimal  fraction  of  this  space  is 
now  SM'/N,  a  quantity  which  cannot  be  infinite  and  may  be  very  smalLf 

It  may  be  that  there  will  be  found  to  be  other  quantities  besides  the 
energies  of  ether  vibrations  of  high  frequency,  which  remain  constAnt  through- 
out  enormous  lengths  of  time.  This  possibility  will  be  discussed  later,  but 
meanwhile  a  few  considerations  suggest  themselvee  in  connection  with  tha 
results  just  obtained,  and  these  it  wiU  be  well  to  discuss  now. 

*  "  The  Dymuoical  Theory  of  Gues,"  chap.  8. 

t  I  have  dieciuaed  the  acta&l  vftlua  of  this  ntio  in  another  paper  :  "  On  the  Partition 
of  Energy  between  Matter  and  Ether,"  '  Phil.  Mag.,'  July,  1906. 
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Madiafian  at  a  Given  Temperatwre. 

14  In  the  first  place,  it  must  be  remarked  that  the  conception  of  the 
"  radiation  correspondinf;  to  a  given  temperature  "  ia  not  an  exact  oonception. 
It  depends  on  two  quantities  besides  the  temperature  of  the  bodies  inside  the 
enclosure,  namely,  the  shape  and  size  of  the  enclosure  and  the  time  which  has 
elapsed  since  the  system  was  enclosed.  For  instance,  it  has  been  seen  that 
after  a  system  has  been  enclosed  for  an  infinite  time  the  radiation  corre- 
sponding to  any  temperature  is  infinite,  a  result  which  is  only  reconciled 
with  the  finiteness  of  the  total  energy  inside  the  euolosura  by  the  temperature 
vanishing.  To  simplify  as  far  as  possible,  the  question  of  the  dependence  of 
the  radiation  on  the  time,  let  us  suppose  that  at  the  instant  at  which  the 
system  is  enclosed,  the  whole  energy  resides  in  the  matter.  If  d  is  a  small 
time  satisfying  the  conditions  specified  in  §  13,  then  the  rate  at  which 
an  ether  vibration  of  high  frequency  p  gains  energy  will  involve  a  factor 
e'**,  so  that  the  time  required  for  the  vibration  to  acquire  a  perceptible 
amount  of  energy  wiU  Involve  a  factor  ^.  This  is,  of  course,  only  true  when 
pd  is  large.  At  first,  the  energy  of  those  vibrations  for  which  p6  is  not  large 
increases,  and  a  state  will  soon  be  reached  in  which  tiiese  vibrations  have  the 
share  of  energy  allotted  to  them  by  the  theorem  of  equipartition  of  eneigy. 
With  the  progress  of  time  the  energy  of  the  remaining  vibrations  gradually 
becomes  perceptible,  until  ultimately  the  final  state  is  reached. 

15.  We  cannot,  however,  realise  in  nature  the  boundary  impervious  to  all 
forms  of  ene^y,  so  that  it  is  important  to  consider  whether  these  predictions 
have  to  be  modified  if  the  boundary,  instead  of  being  perfect,  is  simply  as 
perfect  as  we  can  make  it.  The  imperfections  of  a  natural  boundary  will  be 
represented  by  supposing  tliat  the  eneigy  of  the  various  ether  vibrations  leaks 
out  through,  or  ie  absorbed  by,  the  boundary  at  a  certain  rate.  Let  us 
suppose  that  the  energy  of  ether  vibrations  of  frequency^  inside  the  botmdary, 
is  E  per  unit  volume,  and  that  the  similar  energy  outside  ia  £o  per  unit 
volume,  then  the  best  assumption  to  make  is  that  the  rate  of  leak  is 
£(E— Go)>  where  £  is  a  constant.  The  rate  of  increase  of  E  is  now  given  by 
the  equation 

dEjdt  =  Ae-i*— i(E— Eo), 

where  Ae~>*  is  the  rate  at  which  the  enei^  £  would  increase  if  the  boundary 
were  perfect    The  solution  of  the  equation  is 

E=  (E(,+Ai-'c-J-)(l-e-«), 

so  that  the  ultimate  value  of  E  is  Eo  +  Ak^'^e"'*^   Experience  shows  that  the 
value  of  Eo  must  be  supposed  veiy  email,  while  the  value  of  the  term  Ak~^t~'* 
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has  been  sapposed  to  be  smail  on  account  of  the  exponential.  Thus  the  energy 
of  ether  vibrations  of  high  frequency  tends  towards  a  limit  which  is  small  in 
comparison  with  that  predicted  by  the  theorem  of  equipartition.  The  value  of 
the  total  energy  per  unit  volume  of  all  the  vibrations  of  high  frequency,  SE, 
tends  to  the  value  SEo  +  ^AA"'e"'*_  Now,  £Eo,  the  energy  per  unit  volume 
of  these  vibrations  outside  the  boundary,  is  necessarily  finite  and  is  in  point  of 
fact  known  to  be  small.  The  number  of  modes  of  vibration  of  the  ether  inside 
any  given  enclosure,  of  which  the  ft^uencies  are  large,  and  lie  between  two 
near  values  of  p,  j7andp+(2p,  is  easily  seen  to  be  proportional  to  p^dp.  Since 
the  int^^ 

is  convergent,  it  follows  that  the  total  energy  of  these  high-frequency  vibra- 
tions tends  to  a  finite  limit.  Thus  there  is  no  longer  any  tendency  for  the 
energy  of  the  matter  to  vanish  in  comparison  with  that  of  the  ether  inside  the 
enclosure ;  the  two  tend  to  assume  a  finite  ratio,  although  neither  of  the  actual 
energies  can  be  permanent,  as  the  system  inside  the  enclosure  is  no  longer  a 
conservative  system.  This  definite  ratio  between  matter  and  ether,  however, 
lends  a  meaning  to  the  expression  "  radiation  at  a  given  temperature,"  at 
any  rat«  so  long  as  we  are  concerned  with  the  same  enclosure  and  the  same 
eocloeed  matter. 

16,  We  may  next  discuss  how  this  radiation  at  a  given  temperature  will 
depend  on  the  size  of  the  enclosure.  So  long  as  the  temperature  and  the 
nature  of  the  matter  remain  the  same,  we  may  suppose  that  all  vibrations  of 
frequency  below  a  certain  value  p  receive  their  full  share  of  the  energy,  while 
those  of  frequencies  above  p  receive  a  fraction  of  their  full  share,  the  amount  of 
this  fraction  depending  only  on  the  value  of  p.  Kow,  as  the  linear  dimensions  of 
the  enclosure  vary,  the  number  of  vibrations  of  which  the  frequencies  lie  within 
any  given  range  of  values  will  vary  as  the  cube  of  the  linear  dimensions,  and 
therefore  as  the  volume  of  the  enclosure,  provided  the  number  in  question  is 
large.*  Thus,  the  total  eneigy  of  the  ether  will  be  proportional  to  the  volume. 
If,  then,  we  measure  the  intensity  of  radiation  at  a  given  temperature  by  the 
amount  of  ether  energy  per  unit  volume,  we  see  that  the  intensity  of  radiation 
is  independent  of  the  size  of  the  containing  boundary.  It  is  also  easy  to  see 
that  it  will  be  independent  of  the  shape  of  the  vessel,  although  less  easy  to 
see  how  to  construct  a  satisfactory  formal  proof  of  this  statement 

In  a  sense,  then,  it  is  pemiisaible  to  speak  of  the  "  temperature "  of 
the  ether  inside  the  enclosure.    If  the  system  of  matter  cousista  of  a  number 

*  I  h&ve  verified  this  for  a  rectaogulftr  bonudaiy  ('  Phil.  Mag.,'  Ux.  cU.  ante),  and  u 
■imiUr  proof  ii  eamlj  seen  to  hold  for  a  spherical  or  cjlindricid  boundary.  See  alao  a 
Iett«r  hj  Lord  Bayleigb,  in  '  Nature,'  Hay  16, 190S. 
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of  separate  and  diaconnecled  bodies,  we  know  that  the  radiation  in  the 
enclosure  will  tend  to  equalifie  the  temperature  of  these  bodies,  and  it  is 
natural  to  think  of  the  process  as  one  analogous  to  condnction  of  heat,  the 
ether  in  the  final  state  possessing  the  same  temperature  as  the  bodies.  We 
now  see  that  Uiia  conception  receives  a  large  amount  of  justification  from 
statistical  mechanics.  After  agreeing,  as  a  first  approximation,  to  ti^eat  as 
invariable  the  energies  of  the  rapid  ether  vibrations  (and,  if  necessary,  the 
rapid  vibrations  of  the  material  systems),  we  find  that  the  representative  point 
in  the  generalised  space  appropriate  to  the  representation  of  the  problem,  is 
constiaiaed  to  move  in  a  compartment  in  which  the  only  variable  co-ordinates 
are  those  corresponding  to  the  slower  modes  of  vibration  of  the  ether,  and 
certain  of  the  co-ordinates  of  the  material  systems,  these  latter  always 
including  those  which  represent  the  motions  of  translation  of  the  matter,  i.f., 
those  which  measure  the  temperatures  of  the  different  bodies  in  the  enclosure. 
Throughout  all  except  an  infinitesimal  fraction  of  the  compartment,  the  mean 
energy  of  a  material  degree  of  freedom  is  equal  to  the  mean  energy  of  an 
ether  degree  of  freedom,  so  that  there  is  a  tendency  not  only  to  the 
equalisation  of  the  temperatures  of  the  material  bodies,  but  also  of  matter 
and  ether.  We  say  then  that  the  ether  has  a  temperature  T,  when  this 
ether  and  a  system  of  material  bodies  together  in  an  enclosure  have  reached 
their  final  state,  and  this  state  is  one  in  which  the  temperature  of  the  matter  is 
found  to  be  T. 

On  the  other  hand,  when  we  are  told  that  hydrogen  or  oxygen  is  at  a 
temperature  T,  we  know  the  exact  value  of  its  kinetic  energy  per  unit  mass. 
This  is  not  so  with  the  ether;  we  know  the  energy  of  each  of  the  graver 
vibrations,  but  we  do  not  know  how  many  vibrations  have  to  be  included 
in  the  total  energy  of  the  ether.  For  instance,  in  a  mass  of  hydrogen  at 
temperature  T,  the  molecular  movements  are  much  quicker  than  those  in  a 
mass  of  mercury  vapour  at  the  same  temperature,  so  that  when  an  enclosure 
contains  hydrogen,  the  number  of  vibrations  which  have  to  be  considered  in 
estimating  the  total  energy  of  the  ether  is  much  greater  than  when  the 
enclosure  contains  only  mercury  vapour.  Thus  the  intensity  of  radiation 
depends  not  only  on  the  temperature,  but  also  on  the  naturo  of  the  matter 
with  which  it  is  in  equilibrium. 

Stefan's  Law. 

17.  The  next  question  which  suggests  itself  is  one  of  great  importance. 

6iven  the  nature  of  the  matter,  in  what  way  will  the  radiation  vary  fitb  the 

temperature  ?     Ste&n's  empirical  law  states  that  the  radiation  is  proportional 

to  the  fourth  power  of  the  absolute  temperature,  and  Bartoli  and  Boltzmann 
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have  attempted  to  raise  the  law  to  the  level  of  a  theoretical  law,  which  can 
he  predicted  by  thermodynamical  coii3ideratioii&  The  following  ia  Larmor's 
form  of  atatement  of  the  argument* 

"  We  have  to  suppose  an  interior  body  Ai  at  temperature  Ti,  surrounded 
by  an  exterior  body  Aa  at  temperature  Ta,  but  separated  from  it  by  a  perfectly 
reflecting  shell  in  the  space  between,  which  will  prevent  equalisation  of 
temperature  through  passage  of  radiation  from  one  body  to  the  other.  The 
spaces  on  the  two  sides  of  the  shell  will  each  be  filled  with  radiation  of  the 
constitution  and  density  corresponding  to  the  temperature  of  the  body  on  that 
side.  We  can  imagine  an  ideal  pump,  constructed  of  perfectly  reflecting 
material,  that  will  pump  radiation  from  the  one  side  of  this  shell  to  the  other, 
worki:^  against  tiie  difference  of  radiant  pressure  between  the  two  sides: 
when  the  piston  of  such  a  pump  is  drawn  out,  the  eneigy  of  the  radiation  that 
ia  isolated  in  the  cylinder  must  be  diminished  by  the  work  done  by  its  pressure 
on  the  retreating  piston.  The  result  will  be  that  if  pi  and  ps  are  the  pressures 
of  radiation  on  the  two  sidee,  then  for  each  unit  volume  of  radiation  trans- 
ferred by  the  pump  from  outside  to  inside,  the  outer  body  A)  must  emit 
energy  of  amount  ipa,  made  up  of  the  energy  Ea  of  the  radiation  and  the 
work  pt  done  by  it  on  the  piston,  while  the  inner  must  absorb  exactly  what 
remains  of  this  after  the  mechanical  work  W  is  performed.  Now  by  Camot's 
principle,  we  have  for  such  an  engine  working  reversibly  between  temperatures 
T,  and  Ti 

Hj  _  H,  _  _W_ 

Tj      Ti       Ts-Ti  ■ 

In  the  present  case,  if  the  temperatures  Ti  and  Ts  on  the  two  sides  of  the 
partition  differ  by  a  finite  amount,  the  determination  of  the  work  W  will 
involve  an  integration ;  let  us,  therefore,  take  the  difference  of  temperatures 
to  be  infinitesimal,  say  ST,  when  the  work  will  be  equal  to  p%—p\,  or  Sp,  to 
the  first  order.     As  Ha  is  4pi  or  ^Ej,  we  have  thus 

iE,/T,  =  iSE/8T. 
which  yields  on  integration 

logE  =  41c^T+ const. 
Thus  we  arrive  at  the  empirical  law  enunciated  by  Stefan,  that  the  density  of 
radiant  eneigy  corresponding  to  any  given  absolute  temperature  is  proportional 
to  the  fourth  power  of  that  temperature." 

18.  The  aigument  is  seen  to  rest  fundamentally  upon  the  application  of 
Camot's  principle  to  the  working  of  the  heat  engine  here  described.    The 
justification  of  Oarnot's  principle  may  be  regarded  as  either  empirical  or 
*  "  Ether  and  Matter,"  p.  137. 
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theoretical.  Ab  regards  the  empirical  justification,  it  must  be  noticed  that 
oar  experience  is  confined  entirely  to  engines  in  vhich  the  working  substance 
is  material ;  there  is  not,  and  cannot  be,  any  evidence  as  to  the  working  of  an 
engine  in  which  ether  is  used  as  working  substance.  If  it  is  argued  that  the 
principle  is  not  known  to  fail  in  the  case  of  anymaterial  substance,  and  that  there 
is  therefore  a  strong  argument  by  analogy  that  the  ether  will  not  form  a  solitary 
exertion,  it  may  be  replied  that  statistical  mechanics  explains  quite  definitely 
why  the  principle  is  applioable  to  all  material  substances,  and  proves  with 
equal  definiteness  that  it  is  not  applicable  to  the  ether.  We  come  to  this 
question  in  discussing  the  theoretical  justification,  or  want  of  justification,  for 
the  principle  when  the  working  substance  is  ether. 

Camot's  principle  is,  in  efiect,  identical  with  the  second  law  of  thermo- 
dynamics, and  this  in  turn  is  a  special  case  of  a  special  proposition  in 
statistical  mechanics,  In  the  present  investigation  we  have  used  the  most 
general  methods  of  statistical  mechanics,  and  have  arrived  at  a  conclusion 
different  from  that  of  the  second  law.  The  general  investigation  ought,  ot 
course^  to  take  precedence  over  the  attempted  extension  of  the  special  case. 
It  is,  moreover,  easy  to  find  the  exact  point  at  which  the  general  argument 
parts  company  with  that  used  in  the  special  casa  In  the  special  case,  we 
are  dealing  only  with  forms  of  material  energy  such  that  there  is  an  easy  and 
rapid  transfer  of  energy  to  the  final  state.  The  increase  of  entropy,  as  has 
already  been  remarked,  indicates  simply  the  tendency  to  move  towards  this 
final  state,  and  Carnot's  principle  is  seen  to  be  a  special  case  of  this  general 
tendency  in  which  it  is  supposed  that  the  working  substance  is  at  every 
instant  in  the  final  state  appropriate  to  its  enei'gy  at  that  instant  When  the 
ether  is  in  question,  we  have  seen  that  the  transfer  of  energy,  instead  of  being 
infinitely  rapid,  is,  in  point  of  fact,  extremely  slow,  so  that  we  never  have 
to  deal  with  a  final  state  at  all.  The  way  in  which  the  argument  suitable  to 
the  special  case  of  a  material  working  substance  breaks  down  when  applied 
to  the  ether  will,  perhaps,  be  understood  more  clearly  on  considerii^  an 
ether  in  which  the  special  argument  would  be  admissible.  Such  an  ether  is 
an  imaginary  granular  ether,  in  which  the  transfer  of  energy  from  matter  to 
ether  is  extremely  rapid,*  so  that  the  radiation  at  any  temperature  is  simply 
proportional  to  that  temperature. 

19.  At  the  same  time,  the  theoretical  justification  usually  given  for  Camot's 
principle  is  not  one  based  on  statistical  mechanics,  although  it  amounts  ulti- 
mately to  the  same  proof  as  that  given  by  statistical  mechanics,  except  that  the 
theorem  of  equipartition  is  replaced  by  an  appeal  to  experience  in  assuming 

*  €f.  "The  Einenutica  and  Dynamics  of  »  Granular  Uedinm,"  §  SO,  'Froc.  Lood. 
U«th.  Soc'  (S),  Tol.  3,  p.  124. 
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the  tendency  to  equaliaation  of  teinperatur&  We  con  easily  find  in  this  more 
osaal  proof,  the  particular  assumption  at  which  the  two  oases  of  matter  and 
ether  as  working  substances  must  part  company.  It  has  to  be  assumed  for 
the  argument  that  tiie  energy  of  the  working  substance  is  a  function  of  only 
two  independent  variables,  e.g.,  the  temperature  and  the  density.  This  is  not 
true  in  the  case  of  an  engine  in  which  ether  is  the  working  substance ;  as  we 
have  seen,  the  ether  energy  is  the  sum  of  a  number  of  vibrations  of  difTerent 
wave-lengths,  aud  the  number  of  vibrations  which  have  to  be  included  in  this 
sum  will  depend  on  the  nature  as  well  as  on  the  temperature  of  the  matter 
wid)  which  the  ether  is  in  communication. 

Even  if  we  avoid  this  objection,  by  considering  only  the  cases  in  which  all 
the  matter  is  the  same,  we  are  left  with  a  still  more  fundamental  objection. 
Our  analysis  of  the  enei^  of  the  ether  into  a  sum  of  energies  of  separate 
vibrations  has  rested  on  the  supposition  diat  the  boundaries  of  the  ether 
rested  fixed.  In  the  proposed  ai^ument  for  Stefan's  law,  the  piston  of  the 
pump  forms  a  moving  boundary  for  the  ether,  such  aa  has  had  to  be  specially 
prohibited.  The  action  of  such  a  pump  would  change  the  frequency  of 
vibrations  in  the  ether,  and  energy  which  at  one  instant  belonged  to  a 
vibration  of  one  period  would,  after  passing  through  the  pump,  belong  to  a 
vibration  of  some  entirely  different  frequency.  The  energy  of  the  vibrations 
of  high  frequency  no  longer  remains  unaltered  and  very  small,  for  there  is  a 
transfer  of  energy  to  these  vibrations  at  every  stroke  of  the  pump.  Thus  the 
existence  of  the  pump  may  be  r^arded  as  breaking  down  the  water-tight 
compartments  in  the  generalised  space,  and  the  only  quantity  which  remains 
constant  through  a  long  interval  of  time  is  the  total  ene^^.  The  system  will 
rapidly  assome  the  final  state  appropriate  to  the  value  of  this  total  energy, 
and  this  is  a  state  in  which  the  enet^  of  matter  vanishes  in  comparison  with 
that  of  ether.  Thus  Bartoli's  proof  might  be  applicable  to  a  universe  in 
which  pumps  of  the  kind  assumed  had  an  actual  existence,  but  has  no 
appliuBtion  to  our  own  universe  in  which  the  vibrations  of  highest  frequency 
do  not  come  into  play  at  all.  Mcn'eover,  if  Butoli's  proof  were  applicable,  tJie 
constant  multiplying  the  factor  T*  would  be  infinite,  so  that  we  should  have 
T  =  0,  except  in  a  universe  in  which  the  energy  per  unit  volume  is  infinite. 

It  will  now  be  seen  that  in  attempting  to  obtain  a  law  of  radiation  in  con- 
formity with  the  analysis  of  the  present  paper,  we  shall  not  be  able  to  use 
any  method  so  general  as  that  of  the  second  law  of  thermodymunios.  In  fact, 
all  general  methods  of  this  kind  apply  only  to  systems  which  may  be 
assumed  to  be  in  their  final  states,  while  to  determine  the  actual  radiation  we 
have  to  discuss  the  path  towards  this  final  state.  The  whole  question  is  not 
one  of  partition  of  enei^,  but  of  transfer  of  energy. 
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Note  Swpj^ementoery  to  a  Paper  "  On  the  Radio-cKtive  Minerals." 

By  the  Hon.  R  J.  Steutt,  F.RS.,  Fellow  of  Trinity  College,  Cambridge. 

(Received  May  29,— Bead  June  8,  1905.) 

In  a  paper  read  before  the  Society  on  February  28,  1905, 1  drew  attention 
to  the  fact  that  all  thorium  minerals,  so  far  as  could  be  ascertained,  appeared 
to  contain  uranium  and  radium.  Since  then,  I  have  examined  a  number 
of  additional  minerals,  in  order  to  test  the  induction  further.  The  result 
has  been  quite  confirmatoty  of  the  original  conclusion.  I  have,  in  this 
further  investigation,  contented  myself  with  determining  the  thorium  and 
radium,  for  it  may  now  .be  considered  proved  that  radium  is  a  product  of 
uranium,  and  it  is  much  easier  to  establish  the  presence  of  radium  by  its 
emanation  than  to  detect  uranium  by  chemical  analysis.  The  experimental 
methods  explained  in  the  former  paper  were  employed.  The  results  are  as 
follows : — 


Thorite 

Mooazite   

Aivite    

Xenotime  

Mooazite   

Anerodite  1    . . 

Monarite  

Fergusonite  .. 

Malacone  

AUanite 

Yctrotantalite 

Polycrase  

Zircon    


Locality. 


Ceylon  

Brevig,  Sweden 

Johannesberg    ... 

Baade  Mobb,  Norway  , 

N,  Carolina* 

Nigeria 

Ceylon  

Malay  Straits 

t  

Hitteroe,  Norway 

Amherst  Co.,  Virginia. 
Ttterby,  Sweden  

N.  Carolina  

Virginia.. 


Thorium 

oxide, 
per  cent. 


610 
63-9 
5-91 


2-27 

1-53 

1-31 

116 

0-492 

0-437 

0-334 

0-307 

0-217 


Badium, 
milliontha  of 
1  per  cent 


1-00 
0-81 
1-06 
1-81 
0-90 
0  53 
3-78 

9-eo 

4-02 
26-7 
1-40 
108 


In  conclusion,  I  must  express  my  best  thanks  to  several  friends,  especially 
Professor  W.  B.  Dunstan,  for  specimens  of  these  minerals,  which  would,  in 
some  cases,  have  been  impossible  to  procure  otherwise. 

*  TtuB  consisted  of  pure  graina  of  mooazite,  picked  out  from  the  commercial  Band. 
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On  the  Intensity  and  Direction  of  the  Force  of  Gravity  in  India. 

By  Lieut-Colonel  S.  O.  BuKRAED,  E.E.,  F.RS. 

(Eeceived  March  30,— Bead  April  13,  1906.) 

(Abstract) 

Between  1865  and  1873,  obaervations  were  taken  at  31  Btationa  m  India 
by  Captains  Baeevi  and  Heavieide  with  the  Boyal  Society's  seconds 
pendulums. 

After  1874,  when  the  pendulum  work  had  been  cloBed,  the  deflection  of 
the  plumb-line  was  syBtematically  observed  in  all  parts  of  the  country. 
In  1901  a  discussion  of  the  evidence  that  had  accumulated  showed  that 
determinations  of  the  iiiiensUy  of  the  force  of  gravity  were  badly  wanted 
at  many  of  the  stations  at  which  the  direction  of  gravity  had  been  measured, 
and  in  1902  the  Indian  Oovemment  sanctioned  the  reopening  of  pendolum 
observations  and  the  purchase  of  a  new  apparatus  of  von  Stemeck's  pattern. 

Qreat  weight  was  for  many  years  attached  to  the  Indian  pendulum  results 
of  1866  to  1873,  but  their  accuracy  has  latterly  been  questioned. 

In  1900,  Professor  Helmert  laid  before  the  International  Geodetic 
Conference  at  Paris  his  celebrated  classification  of  the  pendulum  obeervar 
tiona  of  all  countries,  in  which  he  discussed  and  weighed  the  results  of  all 
observers  ^m  the  earhest  to  the  most  modem  with  an  impartiality  and 
a  knowledge  of  details  that  have  rendered  his  conclusions  authoritative. 

In  this  report,  which  is  the  only  existing  critical  summary  of  pendulum 
work,  it  is  pointed  out  that  Basevi  had  no  means  of  measuring  the  flexure 
of  his  pendulum  stand,  and  that  he  had,  moreover,  durii^  the  original 
standardisation  at  Kew,  supported  his  pendulums,  not  on  the  stAud  subse- 
quently used  in  India,  but  between  a  stone  pillar  and  a  wall.  Professor 
Helmert  further  shows  that  when  Basevi  visited  the  high  Himalayan 
station  of  Mor^,  he  substituted  a  light  portable  stand  for  that  belonging  to 
the  Royal  Society's  apparatus. 

The  station  of  Mor^ — the  highest  pendulum  station  in  Asia — 'waa  included 
in  Basevi's  programme  at  the  request  of  Sir  George  Stokes ;  the  extraordinary 
deficiency  of  gravity,  observed  Uiere,  formed  the  basis  of  Aiiy'a  and  Pratt's 
theories  of  mountain  compensation,  and  has  been  discossed  by  all  aathoridee. 
In  view  of  the  wide  extension  of  pendulum  operations  of  recent  years  in 
Europe  and  America,  and  of  the  geodetic  importance  of  HimlUayan  stationa, 
it  has  been  considered  desirable  to  verify  Basevi's  results,  and  to  increase 
largely  the  number  of  his  stations. 
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In  1904,  Major  Lenox  Conyngham  observed  with  the  new  peadulum 
apparatus  at  four  of  Basevi's  stations  in  India,  and  found  that  the  Utter'e 
valnes  were  always  too  smalL 

Basevi's  observations  at  Debra  Dun  had  lasted  four  months,  and  had 
inclnded  234  independent  sets  of  swinge  taken  at  widely  varying  pressures 
and  temperatures;  his  first  mean  determination  gave  86021'38  as  the 
number  of  vibrations  made  by  the  mean  pendulum  in  a  mean  solar  day. 
His  second  determination  gave  86020*74.  Lenox  Conyngham's  recent 
observations  show  that  these  reanlts  are  too  small  hy/our  whole  vibrations. 

Lenox  Conyngham's  observations  at  Madras,  Bombay,  and  Miissooree 
indicate,  however,  that  Basevi's  and  Heaviside's  results  are  not  in  error  by 
s  constant  quantity.  It  seems  probable  that  the  flexure  of  the  wooden 
stand  of  the  Boyal  Society's  apparatus  varied  with  tfimperature  and 
humidity. 

Pendulum  observations  are  required  now  at  many  stations  in  India  to 
corroborate  the  results  obtained  from  recent  observations  of  the  plumb-line. 
Prior  to  1900,  defiections  of  gravity  were  attributed  to  accidental  and  local 
attractions,  but  it  has  now  been  shown  that  they  can  be  classified  by  re^ons. 
On  all  Him&layan  meridians  the  direction  of  gravity  has  been  found  to 
follow  one  general  law ;  in  the  neighbourhood  of  the  tropic,  as  we  move 
northwards,  its  direction  changes  from  northerly  to  southerly ;  it  continues 
then  over  the  Ganges  Valley  to  he  deflected  towards  the  south  for  some 
hundreds  of  miles,  and  it  ^in  becomes  northerly  as  the  Himalaya  come 
into  view.  A  marked  southerly  deflection  of  gravity  has  been  found  to 
prevail 'without  interruption  throughout  the  vast  Indo-Oangetio  plains  of 
Northern  India. 

If  an  observer  working  over  the  plains  of  Northern  India  were  to  trust 
only  to  his  eye  and  his  level,  he  would  record  the  existence  of  a  great 
mountain  rai^  to  the  north,  and  of  low  hills  or  flat  plains  to  the  south ; 
if,  however,  he  were  to  disregard  the  evidence  of  eye  and  of  level,  and  were 
to  believe  either  his  pendulum  or  plumb-line,  he  would  come  to  the 
conclusion  that  he  was  standing  between  two  mountain  ranges,  one  of  which, 
visible  to  the  north,  was  rising  abruptly  out  of  the  plains,  whilst  the  other, 
invisible  to  the  south,  was  slowly  gaining  in  elevation  for  300  miles.  If  he 
were  to  trust  to  bis  lines  of  spirit-levelling,  he  would  find  that  Dehra  Dun,  at 
the  foot  of  the  Him&Iayas,  was  500  feet  higher  than  Ealianpur,  in  Central 
India ;  if  he  relied  only  on  his  pendulum  results,  he  would  discover 
Ealianpnr  to  be  4700  feet  higher  than  Dehra  Dun. 

The  plumb-line  at  stations  in  Northern  and  Central  India  is  thus  influenced 
by  two  opposing  attractions.    A  new  determination  of  the  resultant  attroc- 
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tion  at  Kaliaapur  has  now  been  made :  at  this  stution  the  attraction  of  the 
aouthem  mass  appears  to  be  considerably  greater  than  that  of  the  northern 
and  the  resultii^  deflection  of  the  pluntb-line  is  calculated  to  be  6''-4  south. 


Modified  Appa/ratus  for  the  Measurement   of  Colour,   and  its 

Application  to  the  Determination  of  the  Colour  Sensations. 

By  Sir  Wiluam  de  W.  Abnbt,  K.C.B.,  D.O.L.,  D-Sc.,  F.B.3. 

(Received  April  17,— Bead  May  18,  1906.) 

(Abstract.) 

The  author  deecribea  a  modification  of  his  colour  patch  apparatus,  in  which 
two  spectra  are  produced  by  the  same  beam  that  passes  through  the 
collimator  and  prisms.  With  this  apparatus  two  distinct  patches  of  pure  or 
mixed  colours  can  be  placed  aide  by  side  upon  a  white  screen,  and  when  a 
set  of  three  sHts  is  placed  in  each  spectrum,  mixtures  in  one  spectrum  can 
be  matched  with  mixtures  in  the  other,  or  with  pure  colours  and  white 
combined. 

This  new  apparatus,  in  which  also  the  positions  of  the  slits  in  the  two 
spectra  could  be  most  accurately  determined,  was  used  for  a  redetermination 
of  the  visual  sensation  curvea 

The  fourth  sensation,  supposed  by  Burch  to  exist  in  the  violet,  cannot  be 
traced,  and  in  the  author's  opinion  is  unnecessary.  The  amount  of  inherent 
white  in  the  colour  which  best  represents  the  green  sensation  is  redetermined, 
and  found  to  differ  slightly  from  that  found  previously,  as  is  also  the  amount 
of  blue  sensation  in  the  yellow  and  green  part  of  the  spectrum.  This  last  was 
only  practicable  by  means  of  the  new  apparatus,  which  enabled  pure  colours 
to  be  isolated  in  one  spectrum,  and  by  mixtures  matched  in  the  other.  There 
is  also  a  redetermination  of  the  three  sensations  in  the  other  parts  of  the 
spectrum.  The  curves  so  determined  vary  slightly  from  those  given  in  the 
author's  previous  communication.*  In  the  full  paper  the  various  equations 
for  the  colour  sensations  are  discussed,  and  examples  in  detail  given,  and 
finally  the  curves  are  tabulated,  and  the  sensation  curves  for  equal  stimuli 
derived  from  them. 

In  another  table  the  sensation  composition  in  luminosities  of  the  spectrum 

colours,  when  all  white  has  been  deducted,  is  given,  and  the  plated  curves 

*  '  Phil.  TnuM.,'  "  The  Colour  Seniatioiu  in  Terms  of  Luminomty,"  1809. 
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of  the  three  Beneations  and  white  show  that  there  is  no  abrapt  increase  and 
consequent  abrupt  diminution  in  the  white  component  ThiB  is  not  the  case 
in  the  carves  which  up  to  now  have  been  given. 

The  sensation  and  "  equal  stimulus "  curves  are  given  for  the  normal 
spectrum.  The  latter  part  of  the  paper  describes  the  use  to  which  the  last 
table  can  be  put  in  ascertaining  the  dominant  wave-length  of  any  mixed 
colour,  and  the  amount  of  white  mixed  with  it.  By  the  use  of  the  table 
the  luminosity  of  the  colour  can  be  found,  as  also  its  composition  in  terms 
of  the  three  aensations.  Examples  are  given,  and  the  application  that  can 
be  madc'of  the  resi^lts  in  making  colour  sensitometers  for  colour  phott^^raphy. 


Oti  the  Thermo-eXectric  Junction  as  a  Means  of  Determining  the 

Lowest  Temperatures. 

By  Sir  Jambb  Dewar,  M.A.,  D.Sc.,  LLD.,  F.RS. 

(Received  May  16,— Read  June  8,  1906.) 

.  The  inconvenience  of  using  the  gas  thermometer  at  very  low  temperatures 
and  the  failure  of  platinum  and  other  metal-resistance  thermometers  within 
30°  or  40°  of  the  absolute  zero,  led  me  some  years  ago  to  consider  the 
experimental  behaviour  of  the  thermo-electric  junction  at  the  lowest 
temperatures.  My  special  object  at  the  time  the  experiments  were  made  was 
to  have  a  further  confirmation  of  the  melting  point  of  hydn^en,  and  also 
of  the  lowest  temperature  reached  on  exhausting  solid  hydrogen,  other  than 
that  I  had  found  by  means  of  the  hydrogen  gas  thermometer.*  The  results 
have  remained  unpublished,  because  my  intention  has  always  been  to  extend 
them  to  other  thermo-electric  combinations.  Not  having  been  able  to 
accomplish  this  project,  they  are  now  abstracted  as  affording  useful  informa- 
tion in  this  field  of  investigation,  and  as  furnishing  a  general  confirmation  of 
my  previous  investigations. 

A  German-silver  platinum  couple  was  selected  as  likely  to  give  the  most 
uniform  results  at  low  temperatures,  although  subsequent  experiments  have 
led  to  the  conclusion  that  it  would  have  been  better  to  have  replaced  the 
platinum  by  gold.  As  r^ards  resistance  thermometers,  I  have  shown .  that 
gold  is  more  reliable  than  platinum  at  temperatures  near  the  boiling  point  of 

*  «  The  Boiling  Foiot  of  Liquid  Hydrogen,  determined  by  Hydiogeu  kod  HeUutn  Qaa 
Thermometera,''  'Boy.  Soc  Proc.,'  vol  68, 1901. 
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hydn^n.*  The  difBciiltiea  of  the  iDTestigation  were  coDBiderable :  it  liad  to  be 
carried  out  at  the  time  in  the  neighbourhood  of  the  machinery  producing  the 
liquefied  gases  required  in  the  inTestigation,  namely,  oxygen,  nitn^e^,  and 
hydrogen,  so  that  the  zero  of  the  delicat-e  galvanometer  employed  did  not 
remain  quite  constant.  To  remedy  this  I  inaerted  a  rocking  make-and-break 
in  order  to  get  the  readings  of  each  observation  at  both  ends  of  the  scale.  In 
the  process  of  removing  one  difGoulty  another  presented  itself,  through  the 
development  of  small  but  appreciable  thermo-electric  currents  in  the  rocker. 
Precautions  bad  to  be  taken  against  these  and  at  all  other  metal  junctions 
against  similar  small  thermo-electric  currents,  and  it  was  even  fonnd 
necessary  to  have  a  correction  on  account  of  the  resistance  box,  inserted  in  the 
circuit  to  bring  tai^  readings  within  the  limits  of  the  scale.  The  galvano- 
meter and  resistance  box  were  inserted  in  the  German-silver  branch  of  the 
couple,  the  points  of  junction  of  the  copper  leads  with  the  German-silver 
ends  of  the  couple  being  insulated  and  placed  close  together  within  a  vacnum 
test-tube  packed  with  cotton  wool  to  ensure  equality  of  temperature. 

Preliminary  experiments  showed  that  the  junctions  altered  after  having 
been  subjected  to  the  temperature  of  liquid  hydrc^n.  However,  on 
re-soldering  the  junctions  with  hard  silver  solder  instead  of  soft  solder,  the 
thermo-couple  aocuiatoly  repeated  observations  at  the  temperature  of  liquid 
oxygen,  after  having  passed  through  a  liquid  hydrogen  bath.  From  this  it 
appears  that  all  such  couples  before  calibration  ought  to  be  cooled  suddenly 
in  liquid  air  and  then  rapidly  heated  to  the  ordinary  temperature,  a  similar' 
operation  being  repeated  with  liquid  hydrogen.  If  the  couples  return  to  their 
original  state  after  such  abrupt  changes  of  temperature,  then  they  are  in  a 
fit  state  for  calibration. 

Three  series  of  observations  were  made  to  determine  whether  the  resistance 
of  the  junctions  varied  to  a  noticeable  extent  with  the  temperature,  namely, 
at  the  freezing  point  of  water,  at  the  boiling  point  of  oxygen,  and  at  the 
boiling  point  of  hydrogen.  Six  very  concurrent  observations  with  varying 
resistances  in  the  resistance  box  were  made  between  0°  C.  and  16°  C.  These 
were  reduced  by  the  method  of  least  squares,  and  gave  for  the  resistance  of 
the  circuit  3'500  ohms.  Yiye  similar  results  between  the  melting  point  of 
nitrogen  and  the  boiling  point  of  oxygen  gave,  by  least  squares,  3*293  ohms. 
Only  two  observations  were  taken  in  liquid  hydrogen,  which  are  therefore 
not  entitled  to  the  same  weight  as  those  already  given,  but  the  resistance 
appeared  t^in  about  3*3  ohms.  As  the  variation  of  the  resistance  of  the 
circnit  was  so  slight,  an  attempt  was  made  to  reduce  the  results  on  the 

*  Bakorian  Leotnra,  "  The  Nulir  of  Tempe»tur«  and  Allied  Froblems,"  '  Roy,  Soc. 
Proe.,'  voL  SS,  1901. 
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assomption  of  constancy,  but  tbia  was  not  satisfactoiy.  However,  on  treating 
the  variation  of  the  resistaDce  of  the  circuit  as  linear  with  the  temperature, 
the  data  came  into  better  agreement. 

Tile  following  table  contains  the  details  of  the  observations  made  with  the 
silver  soldered  German-silver  platinum  couple,  the  recorded  readings  of  the 
galvanometer  being  the  means  of  several  observed  readings,  corrected  when 
neoeaaary  for  resistance  introduced  into  the  circuit : — 


No. 
of 

tnnjMratarra. 

abmlnte 

»-=r 

dBldl. 

awr".  1W8= 

196,     170 

mi,  901 

m,  m 
m,  621 

m,  m 

201.    r 

sot.    t 

46S*a 

80*88 
27-74 

ai-94 

21-46 
21-88 

14 '84 

t 

r 

Boiling  etbjlene   »t  10  mm. 

•nd  oijgon 
Boiling  o»jgen  and  nitrogMi ... 
Boiling  nitrogen  and' melting 

nitrogen 
Boiling  hjdrogen  and  melting 

Bailing  hydrogen  *nd  melting 
drogen  abont  20  mm. 

Si 

107 

84 
70 

411 

r 

f 

693-6 

724-0 

279-0 
320-7 

623 -S 

61-0 

M-0 

where  dE/dt  is  the  quotient  of  the  mean  galvanometer  reading  by  the 
difierence  of  the  temperatures  in  the  third  column. 

On  plotting  the  first  six  of  these  results  the  1st,  2nd,  and  6th  and  means  of 
the  other  three,  viz.,  dE/dt  =  21*59  a.t  t  =  87°,  lie  nearly  on  a  continuous 
curve  (fig.  1).    The  continuity  of  the  cui-ve,  without  any  approach  to  abrupt 
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Fio.  1.— Thermo-electric  Junction. 
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ehange  of  form,  even  in  the  region  of  liquid  hydrogen,  shows  that  a  silver- 
soldered  Gertoan-Bilver  platinum  couple  is  an  efficient  inetnunent  for  die 
detennination  of  the  lowest  temperatures  hitherto  reached.  For  example,  we 
may  employ  the  curve  (fig.  1)  to  determine  the  temperature  of  the  hydi^eh 
under  exhaustion  in  observation  No.  8.  A  graphical  examination  of  the 
curve  in  the  neighbourhood  of  the  boiling  point  of  hydrogen  shows  that  we 
may  write 

dE/dt:=lO-2  +  ^{t~18),    or    dE/dt  =  1-2  +  ^t, 

as  an  equation  holding  true  for  a  few  degrees  above  or  below  18°  absolute. 
Hence  if  2  be  the  required  temperature,  we  have 

_5*_=V2+^^i^     or     20a.'>+1728a:=  28469. 
20  J — X  12 

one  of  whose  roots  is  1415.  From  the  graphical  analysis  of  the  curve  there- 
fore we  find  the  temperature  of  the  hydrogen  under  exhaustion  in  the  last 
observation  to  be  14'''15  absolute,  or  some  fi^S  below  the  boiling  point. 
Similarly  for  observation  No,  7  the  temperature  is  found  to  be  15°*50. 

From  the  results  a  curve  with  electromotive  force,  E,  as  ordinate,  to 
absolute  temperature,  t,  as  abscissa,  may  be  drawn,  and  this  may  be  taken  as 
a  parabola,  with  the  equation 

((  +  «)"  =  p<E+ J).  (1) 

For  another  point  t',  E',  we  have 

whence,  Buhtracting, 

E'-E=p-'(('— 0/  +  (  +  2ffi).  <2) 

Any  pair  of  observations  will  give  p  and  a,  aft«r  which,  assuming  any 

given  point,  for  example  Hbp,  as  origin,  and  putting  t  =  20^°  absolute  and 

T  for  ('— 20i,  we  get  the  equation  connecting  difference  of  electromotive 

force  and  difference  of  temperature 

E.'-E=p-»T{T+2<(.+  o». 

An  aven^  value  of  dE/dt  from  (2)  is  equal  to      ~    ,  that  is 
=  p''(t'  +  t  +  2a); 
but  the  correct  value  of  dE/dt  at  a  given  point  is,  from  (1), 
dE      2,.  .    , 
dt        p  ' 

Now  the  fact  that  the  Tait-Une  does  not  remain  straight,  but  bends 
downwards  aa  we  approach  tbeabsohite  zero,  indicates  that  tlie  parabola 
is  bedng  distorted  as  we  approach  its  vertex,  just  aa  if  tiie  vevtex  were  being 
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pnahed  up.  To  look  for  a  straiglit  line  dam  tiie  vertex  therefore  we  must 
keep  to  obeervatiouB  near  the  vertex.  1  hare  therefore  taken  die  four 
seta,  Noa,  3,  4,  5,  6,  &om  the  table,  similarly  marked  on  the  diagram  (fig.  2), 
in  which  the  highest  extends  from  ethylene  exhaosted,  123^°  absolute,  to  the 
B.P.  of  oxygen,  90^°  absolnte. 
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Fio.  S.^TLenDo-dectric  Junction. 
Theae  corrected  obseFvationa  are : — 


Rmge. 

Temp.ebs. 

E'-E. 

f-l. 

r-K. 

(3)  Ethylene   oih.    to 

I23--6to»0--6 

7240 

33 

214 

boding  oxygen 

(4)  BoUing  oiygen  to 

90  -6  „  77  -fi 

279-0 

IS 

168 

boiUng  nitrogen 

(6)  Boiling  nitrogen  to 

77  -6  „  62  -5 

320-7 

16 

140 

melting  nitrogen 

(6)  Melting  nitrogen  to 

«2  d  „  20  -6 

(123-6 

42 

83 

boiling  hydrogen 

Hence  eqoatioiu  of  fonn  (2),  re-orranged  more  conveniently  for  calculation, 
ire — 

(3)  33x214-f2o.33=?724     or    214-)-2«  =  21-%). 

(4)  13x168+20.13  =  1)279  .  168  +  2<i  =  21'5i>. 
(6)  16xl40+2o.l6=p320-7  „  140  +  2o  =  21-4j). 
(6)    42x  83  +  20.42  =p623-5   „       83+2a  =  M-8y. 
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Taking  (3)  and    (6),  we    get  jj  =  18-45,  and    2a  =  1900.     Therefore 

E  =  =JL-  T(T+  231),  reckoning  from  Hbp  as  origin.     Hence  for  E  =  —51, 

webave 

(T+115-5)*  =  115-5»-51  X 18-45  =  111-4". 

Therefore  T  =  —4-1,  or  Hmf  is  4"^1  below  Hbp,  or  is  16'*-4  absolute. 

For  E=  -64.  T=  -5-23,  or  H.^.  ia  5*^23  below  Hbp,  or  is  15°-27 
absolute. 

From  (3)  and  (6),  reckoning  &om  Hsp  as  origin,  we  get 
dE/(ft=  12-62 +  0-108T. 

There  is  hardly  a  doubt  that  dE/dt  at  Hbp  ia  not  so  great  as  12*52,  so  that, 
88  was  anticipated,  the  £th„h.— Obp  observations  are  too  far  away  from  Hbp 
to  give  a  workable  formula. 

Taking  (4)  and  <6)  we  get  p  =  12-69  and  2a  =  104-8. 

Therefore  £  =  7^:75  T(T +145-8),  reckoning  from  Hbp  as  ori^  Hence 
for  E  =  —51  we  have 

<T+  72-9f  =  72-9»-51  x  12-69  =  68-3*. 
Therefore  T  =  — 4'6,  or  Hup  is  4°-6  below  Hbp,  or  is  15°-9  absolute. 
For  E  =  —  64,  T  =  —  5-8,  or  H«^  is  5*'-8  below  Hbp,  or  is  14°-7  absolute. 
From  (4)  and  (6),  reckoning  from  Hbf  as  origin,  we  get 

dE/dt  =  11-49  +  0-158T. 
Id  like  manner  from  (5)  and  (6)  we  get  p  =  8-64  and  2a  =  44-8,  whence 
E  =  g:g|  T  (T + 85-8),  reckoning  from  Hbp  as  origin. 

For  E=  -51,  we  get  (T+42-9)*  =  42-9>-51x8-64  =  37-4*,  and  theie- 
foru  T  =  —  5'5,  giving  the  melting  point  of  hydrogen  5°-5  below  its  boiling 
point,  or  15*^  absolute ;  and  when  £  =  —64,  T  =  —7-0,  or  the  temperature 
of  the  bydn^n  under  exhaustion  was  13°'5  absolute.  Observations  (5)  and 
(6)  also  lead  to  the  equation 

d£/(ft  =  9-931 +  0-231T, 

with  the  boiling  point  of  hydrogen  as  origin  of  temperature. 

It  is  of  importance  to  examine  how  an  alteration  of  any  of  the  constants 
in  the  formulae  employed  affects  the  temperature  deduced. 

Choosing  any  assigned  temperature  as  origin,  the  value  of  dE/dt  at  T° 
from  that  origin  is  given  by  an  equation  of  the  form  dE/dt  =  m+nT, 

But  if  the  value  assigned  to  dE/dt  is  obtained  by  dividing  the  difference 
of  electromotive  force  D  through  the  range  of  temperature  T  by  T,  then 
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this  value  of.  dE/dt  must  "be  aseigned  to  the  mean  temperature  ^T,  and  the 
fonnula  hecomes 

D/T  =  »i  +  inT,    or    D  =  mT+inT», 
a  quadratic  for  the  detenuiuatioD  of  T,  when  D  is  known. 
When  the  constant  n  alone  varies,  differentiating  we  have 

Thus  if  m  =  9-931,  n  =  0231,  and  T  =  -7°,  we  get 

rfT=  - 

faenoe  for  dn  =  — 0-031,  dT  =  +0101,  showing  that  an  alteration  of  n  from 
0-231  to  0-200  would  only  alter  T  from  — 7°-0  to  -6*-9;  or.  roughly,  a 
10-per-cent.  change  in  n  at  this  tempemture  would  only  affect  the  temperature 
by  1  per  cent 
When  the  constant  m  alone  varies,  differentiating  we  have 

rfT  = L—dvi; 

m+nT 

hence,  in  tUe  same  circumstances  as  before, 

dT  =  -  ""^ 

and  thus,  for  a  change  dm  =  0*119,  the  corresponding  change  of  temperature 
is  (TT  =  0100,  or  if  m  were  altered  from  9-931  to  10-050,  T  would  again  be 
changed  only  from  —  7°-0  to  — 6°-9. 

We  may  in  a  similar  manner  consider  the  effect  of  aa  error  in  the 
reading  D  on  the  deduced  temperature. 

For  dD  =(7n+nT)(rr,  or  dT  =  — ^dD, 

giving,  in  the  case  already  considered,  dT  =  0'12dD,  bo  that  an  error  of  a 
unit  on  D  would  only  alter  the  value  of  T  by  an  eighth  of  a  degree. 

These  numerical  results  may  be  summarised  by  saying  tbat.  in  the 
ne^^hboorhood  of  the  temperature  of  solid  hydrogen  under  exhaustion,  it 
would  recLuire  an  alteration  of  1^  per  cent,  in  the  values  of  D  or  m,  and  as 
much  as  13  per  cent  in  the  value  of  n,  to  alter  the  value  of  T  by  one-tenth 
of  a  degree. 

In  general,  it  may  be  noted  that  for  an  alteration  of  the  same  actual 
(but  small)  magnitude  in  the  values  of  n,  m,  and  D  respectively,  the 
corrosponding  alterations  of  T  are  proportional  to  JT*,  T,  and  1. 

The  general  results    with    the    German-silver  platinum  junction  may 
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be    BummariBed     in    the    following    table,    the    typical    equation    being 
dE.fcU  =  m  +  »T. 


Source  of  coMtanta. 

». 

n. 

Molting  point  of 
hydrogen. 

Solid  hydrogen 

(3)  and  (6)     . 

12-62 
11-49 
9-931 
10-2 

0108 
0-168 
0-231 
0-167 

16--1 
16-9 
16-0 
166 

16*- 27 
14-7 
13-6 
14  16 

(B)   „    (6)  

Graphically     .    .. 

Maan 

- 

- 

15-7 

14-4 

For  reaaona  already  mentioned,  the  temperatures  deduced  from  the  (5)  and 
(6)  set  of  experiments  are  in  all  probability  the  most  accurate  iu  the  thermo- 
electric serieB  of  obaervationa. 

It  is  interesting  to  compare  these  results  with  those  given  in  my  former 
paper  on  the  "  Boiling  Point  of  Liquid  Hydrogen  determined  by  Hydrogen  and 
Helium  Gas  Thennometers."*  Although  the  main  object  of  that  paper  was 
the  accurate  determination  of  the  boiling  point  of  hydrogen,  I  included  in  the 
experiments  the  recorded  temperature  of  solid  hydrogen  under  exhaustion  of 
from  30  to  40  mm.,  as  given  by  a  hydn^en  gas  thermometer  filled  initially  ai 
a  pressure  of  269-8  mm.  at  0°  C.  This  thermometer  gave  the  boiling  point  of 
hydrogen  as  19°'63,  and  the  solid  under  exhaustion  as  14°'34;  in  other 
words,  the  gas  thermometer  value  is  just  about  a  meau  of  the  results  given  by 
the  thermo-juQCtion.  This  is,  so  far,  confirmatory  of  the  reliability  of  the 
tbermo-junction  as  a  thermometric  agent  at  the  lowest  steady  temperature  we 
can  command. 

Although  it  is  not  recorded  in  the  paper  on  the  "Boiling  Point  of  Hydn^n," 
I  found  that  the  same  helluoi  thermometer  which  I  used  for  determining 
the  boiling  point  gave  in  exhausted  solid  hydrogen  the  temperature  of 
13'^'65,  but  as  the  helium  had  to  be  corrected  for  the  presence  of  a  small 
amount  of  neon,  the  result  might  be  a  little  too  low.  My  intention  at  the 
time  was  to  defer  the  consideration  of  the  temperature  of  solid  hydrogen,  for 
a  further  communication  to  the  Boyal  Society,  as  distinctly  stated  in  the 
original  paper. 

It  is  true  that  in  a  paper  on  "Solid  Hydrogen,"  read  at  the  British 
•  'Boy.  8oc  Proc,,'  vol.  68, 1901. 
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Association  in  1899,*  that  is  two  years  before,  I  gave  the  approximate 
melting  point  of  bydrt^en  as  between  16°  and  17°  absolute.  This  value  was 
based  on  observing  the  melting>point  pressure  of  solid  hydrogen  as  being 
about  65  mnL,  and  therefrom  calculating  what  the  temperature  should  be  at 
this  pressure  by  means  of  a  mean  Eankine  formula.  From  the  later 
experiments  contained  in  my  paper  of  1901  a  more  accurate  Sankine  formula 
can  be  deduced,  viz.,  log  pa  =  6'2874  —  QS-02/t,  and  this  gives  the  approxi- 
mate temperature  of  14°'96  as  corresponding  to  55  mm.,  thus  brin^g  the 
melting  point  given  by  the  gas  thermometer  into  substantial  agreement  with 
the  lowest  thermoelectric  value,  > 

As  a  record  of  the  behaviour  of  the  German-silver  platinum  thermo- 
jnnotion  the  following  table  has  been  calculated  from  the  equations  derived 
from  the  set  of  observations  (5)  and  (6),  namely : — 


1 


dE 


when  one  of  the  junctions  of  the  couple  is  assumed  to  be  kept  in  boiling 
hydrogen,  and  the  other  either  falls  or  rises  through  a  range  of  some  16°  on 
either  side  of  this  temperature,  which  is  about  20£°  absolute.  These  values 
show  that,  at  as  low  a  temperature  as  6°  absolute,  the  sensibility  of  this  couple 
ia  still  half  what  it  was  at  20J°  absolute,  and  therefore  that,  unless  s<mie 
absolute  breakdown  in  the  law  connecting  electromotive  force  and  temperature 
below  14°  takes  place,  it  must  continue  to  be  an  excellent  thermometer,  and 
will  record  temperature  with  considerable  accuracy  down  to  the  boiling  point 
of  helium,  which  is  about  5°  or  6°  absolute.  A  further  paper  will  detail  the 
results  obtained  in  the  study  of  the  behaviour  of  helium  at  low  temperatures. 
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K 

35 

13-281 

168-32 

32 

12-688 

129-61 

29 

11 '8911 

92-77 

26 

11-202 

68-09 

23 

10-669 

26-66 

20J 

9-931 

nil 

18 

9-364 

-   24-10 

IS 

8-651 

-  61-12 

12 

7-968 

-   76-06 

9 

7-276 

-   98-90 

6 

6-682 

-119-70 

'Nature,'  Septembo-  SI,  1689. 
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I  am  indebted  to  Mr.  J.  D.  H.  Dickson,  M^,  of  St  Peter's  College, 
Cambridgo,  for  help  in  the  discnBsioD  of  tlie  results,  and  to  Mr.  Robert 
Lennox,  F.C.S.,  for  assistance  in  the  conduct  of  the  experiments. 


Studies  with  the  Liquid  Hydrogen  and  Air  Calorimeters. 
By  Sir  James  Dkwab,  UA.,  ScD.,  LLD.,  F.B.S. 

I. — Spedjic  Heats. 

(Received  May  35,— Bead  June  6,  1906.) 

The  calorimeter  employed  in  the  following  experiments  was  similar  to  that 
described  in  my  paper  on  "  The  Scientific  Uses  of  Liquid  Air,"*  and  in  an 
improved  form  in  Madame  Curie's  work  "Secherches  sur  les  Substances 
Radio-Actives,"  2nd  edition,  p.  100.  A  sketch  of  the  apparatus  appears  in 
my  paper  on  "  The  Absorption  and  Thermal  Evolution  of  Gases  Occluded 
in  Charcoal  at  Low  Temperaturea."t 

The  arrangement  employed  consists  essentially  of  a  large  vacuum 
vessel  capable  of  holding  2  or  3  litres,  into  which  is  inserted  a  smaller 
vacuum  vessel  of  25  to  50  c.c.  capacity  constituting  the  calorimeter,  the 
latter  being  sealed  on  to  a  long  narrow  tube  which  projects  from  the  mouth 
of  the  exterior  vessel,  in  which  it  is  lightly  held  by  a  loose  packing  of  cotton 
wool.  A  littlt  below  the  upper  end  a  branch  tube  is  taken  off  which 
conveys  the  volatilised  gas  from  the  calorimet«r  to  the  gas  receiver.  To 
the  extremity  of  the  projecting  tube  a  small  test-tube,  to  hold  the  portions 
of  substance  experimented  on,  is  attached  by  a  short  piece  of  rather  wide 
rubber  tubing  which  forms  naturally  a  movable  joist  that  can  be  bent  into 
any  position.  With  care  I  have  found  this  valve  gives  as  good  results  as 
more  elaborate  means  of  securing  the  dropping  of  the  substances  into  the 
calorimeter.  A  small  vacuum  vessel  which  may  contain  either  solid  carbonic 
Bcid,  liquid  ethylene,  or  liquid  air,  into  which  the  test-tube  is  placed,  cools 
the  matraials  to  different  temperatures  below  those  of  the  laboratory;  or 
alternatively  the  substances  may  be  heated  in  the  vapour  of  water  or  other 
liquids. 

*  'II07.  IneL  Proc,'  18M,  vol.  14,  p.  398. 
t  '  R07.  80c  Pmc.,'  190-1,  TOL  74,  p.  1S3. 
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.  The  general  constante  for  liquid  gas  calorimeten  an;  given  iu  the  following 
table:— 


Liquid ,!««.. 

Boiling 
pwnt. 

liquid  volume 

lammmaat 

boiUng  point 

ino^. 

I«t«IltIlMl 

Tolunw  of  gM  >t 
V  Mid  780  mm. 

CmAonioKdd    

+    Itf-O 
-  W-0 

-ior-0 
-isr-B 

-lW-8 

-Mr -5 

07 
0-66(>olid) 

0-fl        "„ 
1-8 
14 -S 

97-0 
142-4 
119-0 
M-O 
BO-0 
13S-0 

8-e 
«-e 

7-0 
IS -I 
16-0 
SS-0 

&^m^..::z'zzz 

Hydn)g«i 

ThuB  BD  instTument  in  which  liquid  air  is  used  has  twice  the 
sensibility  of  a  corresponding  one  in  which  liquid  ethylene  is  employed, 
whereas  the  substitution  of  liquid  hydrogen  for  liquid  air  increftBes 
the  delicacy  of  the  calorimeter  some  seven  times.  It  is  easy  to  detect  the 
^osference  of  1/50  of  a  gramme  calorie  in  the  liquid  air  instrument,  whilat 
1/300  of  a  gramme  calorie  can  be  similarly  observed  in  the  liquid  hydrogen 
form  of  the  calorimeter. 

In  preparing  for  use  a  liquid  air  calorimeter,  some  2  litres  of  old  liquid  air 
containing  a  high  percentage  of  oxygen  are  poured  into  the  large  silvered 
vacuum  vessel,  and  the  calorimeter,  filled  with  some  of  tlie  same  fluid,  is 
immersed  therein.  An  experiment  is  conducted  by  tilting  up  the  little  test- 
tube  previooaly  cooled  or  heated,  thereby  dropping  into  the  calorimeter  a 
portion  of  any  substance  previously  weighed.  The  substance,  if  left  under 
normal  conditions,  in  this  way  falls,  from  the  temperature  of  the  room  to  that 
of  liquid  air.  The  heat  given  up  by  it  to  the  liquid  air  volatilises  some  of  it, 
which  ia  carried  off  by  the  branch  tube  and  measured  in  a  graduated  receiver. 
Immediately  precedii:^  or  following  this  observation,  a  similar  experiment  is 
made  with  a  small  portion  of  a  selected  standard  substance,  namely,  lead. 
The  quantity  of  lead  is  so  chosen  as  to  produce  about  the  same  volume  of  gas 
in  the  receiver  aa  that  supplied  by  the  portion  of  subatanoe  experimented  on. 
By  (bis  means,  the  circumstances  of  the  two  observations  are  made  ^ 
similar  as  possible,  and  thereby  many  sources  of  error  are  eliminated. 

The  handling  of  the  instrument  has  been  carefully  studied  and  improved 
since  the  earlier  experiments.  I  find  that  the  vacuum  of  the  calorimeter 
itself  should  be  a  mercury  vacuum.  Before  inserting  the  calorimeter  into 
the  vessel  of  liquid  air,  it  should  have  a  good  deposit  of  mercury  over  its 
surface,  obtained  by  placing  a  little  liquid  air  in  the  interior  of  the  calori- 
meter and   allowing  -  it   tor  stand  tor  some  time.     After  a   considerable 
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quantity  of  the  liquid  air  in  the  calorimeter  has  beoa  volatilised,  the  boiliug 
point  of  Ae  remaining  portion  rises  slightly  above  that  of  the  exterior  maas 
of  liquid  air,  and  the  liquid  over  which  the  volatilised  gas  is  collected  is 
apt  to  "suck  back."  When  this  takes  place  the  calorimeter  should  he 
emptied  and  Elled  anew  from  the  external  vessel  The  tube  coming  from 
the  calorimeter  ought  to  be  of  the  size  of  wide  quill  tubing,  and  the  free 
end  of  the  branch  tube  should  be  so  arranged  below  the  surface  of  the 
liquid  in  the  collecting  vessel  as  to  produce  no  resultant  pressure.  With 
these  precautions  it  is  easy  to  get  results  accurate  to  within  2  per  cent. 

Hie  use  of  pure  oxygen  has  no  advantage  over  that  of  liquid  air  which  has 
stood  for  some  days,  and  thus  contains  a  high  percentage  of  oxygen. 
Pure  nitrogen  csannot  be  used  without  taking  special  precautions  to  prevent 
the  atmosphere  from  getting  access  to  the  calorimeter,  as  otherwise  the  air 
liquefies  and  causes  great  uncertainty  in  the  working  of  the  iustrument. 

When  liquid  hydrogen  is  similarly  used,  precautions  have  to  be  taken 
to  keep  air  from  getting  condensed  to  the  solid  state  in  the  neck  of  the 
calorimeter.  For  thia  pui^MMe,  a  slow  current  of  dry  hydrogen,  from  an 
ordinary  Kipp  apparatus,  is  kept  discbargii^,  partly  through  the  aperture  by 
means  of  which  the  bodies  fall  into  the  calorimeter,  and  partly  through  the 
tube  by  which  tlie  evaporated  hydn^;en  escapes  to  the  receiver,  until  every< 
thing  is  ready  to  make  the  experiment.  The  hydrogen  is  led  in  by  means  of 
a  T-shaped  piece  of  tubing,  with  a  stop-cock  attached,  placed  between  the 
calorimeter  and  the  gas-collecting  receiver. 

When  the  body  has  to  be  transferred  from  solid  carbonic  acid  or  liquid  air 
to  the  calorimeter,  the  following  procedure  is  adopted :— It  is  placed  in  the 
smaU  test  tnbe,  above  the  indiarubber  joint,  which  is  inserted  into  a  small 
vacuum  vessel  containing  some  of  the  substance  (solid  carbonic  acid  or  liquid 
air),  so  that  at  the  moment  of  making  the  experiment  the  solid,  by  a  quick 
vertical  movement  of  the  vacuum  vessel,  is  thrown  into  the  calorimeter.  A 
little  cotton  wool  inserted  in  the  mouth  of  the  ^'acuum  vessel  prevents  the 
carbonic  acid  paste,  or  liquid  air,  from  being  ejected. 

Among  the  sources  of  error  which  may  occur,  the  following  should  be 
noticed  and  allowed  for.  In  dropping  a  small  body  from  the. temperature  of 
the  laboratory  (say)  into  liquid  air,  the  range  of  temperature  through  which 
the  body  pusses  in  1/3  or  1/4  of  a  second  is  some  200^.  Some  of  its  heat 
will  be  lost  to  the  vapour  of  the  gas  in  the  tnbe  before  it  reaches  the  liquefied 
gas ;  and  some  at  its  various  impacts  on  the  walls  of  the  glass-tubing,  as  it 
passes  on  to  the  calorimeter.  The  consequence  of  these  losses  will  be  to 
make  the  quantity  of  gas  measured  in  the  collecting  receiver  err  by  defect. 
Experiments  were  made  with  cooled  subataaces  to  estimate  the  effect  of  a 
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aimilar  error  in  the  opposite  direction.  It  was  found  that  1  gramme  of  lead, 
ejected  at  the  temperature  of  liquid  air  into  the  calorimeter  filled  with  liquid 
air,  abeoibed  enough  beat  on  its  pausage  to  produce  1  co.  of  air  in  the  gas 
receiver ;  roughly,  1  gramme  of  lead  falling  through  200°  into  Uqnid  air  pro- 
duced 100  C.C.  of  air  in  the  receiver ;  hence,  in  this  caae,  the  error  is  within 
1/2  per  cent  A  similar  observation  with  diamond  gave  1*8  cc.  in  comparison 
with  150  cc. — an  error  of  about  6/10  per  cent. ;  and  gi^hite  gave  nune 
4  cc.  in  comparison  with  300  cc — an  error  of  about  2/3  per  cent  Such 
errors  may  be  n^tected  in  these  results. 

The  observations  were  reduced  by  comparison  with  lead.  The  method  of 
comparison  has  obvious  advantages.  Each  day  when  experiments  were  being 
made  on  any  substance,  a  concomitant  series  was  made  on  lead,  so  that  unknown 
errors  would  affect  the  results  equally,  and  thus  produce  volumes  of  gas  in 
the  receiver  accurately  proportional  to  tiie  quantities  of  heat  carried  into  the 
calorimeter.  The  choice  of  the  particular  metal  in  questioa  was  based  on  the 
following  considerations: — 'The  low  specific  heat  of  lead  enabled  small 
quantities  of  heat  to  be  conveyed  into  the  calorimeter  while  the  mass  of 
metal  was  still  considerable ;  the  variations  in  the  specific  heat  of  lead  with 
temperature  are  small,  and  are  very  nearly  a  linear  function  of  the  tempera- 
ture ;  and  lastly  this  metal  is  easily  obtained  very  pure.  * 

The  values  taken  for  the  specific  heat  of  lead  were : — 

Between  -252°-5and  -188*,orat  -220'-6,  apecific  heat  =0-0280 
-188°-0    „     -   78*     „      -133°-0  „  "0-0290 

-188*-0    „     +   18*     „      -   86°0  „  =0-0296 

From  calculatione  based  on  these  values,  an  error  of  a  degree  in  the  first  of 
tJiese  ranges  would  only  affect  the  specific  heat  by  0*000006  ;  a  similar  error 
in  the  second  range  would  produce  the  same  variation  in  the  specific  heat ; 
and  in  the  third  range  the  variation  would  be  0-000004.  Hence  a  variation 
of  from  10°  to  20°  in  any  of  these  ranges  would  not  affect  the  given  values  of 
the  specific  heat  noticeably. 

As  a  selectipn  the  following  may  be  taken  as  typical  of  the  reduction  of 
the  diamond  results : — 
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No.  of 
nprai. 
ment*. 

Bangeof 

Weight 

in 
gnrnmok 

Tolume 

Spaoieobeat. 

Diamond  ... 

4 

2 
S 

1 
8 

4 

18°  to  Idqnict  ur 

Solid  carbanio  to 
Liquid  air 

Ijq'iiid     ai^'    to 
Liquid  hydrogeQ 

1-001 

1-16* 
1-739 

0-600 
2-148 

1-998 

108 -0  J 
54-0 

88-5 

-0-0*88. 

S.H.-j^;™»2l^. 0-029 

-0-0193. 

Diamond  ... 

Diamond  ... 

The  mean  resulte  of  the  experiments  made  with  diamond,  graphite,  and  ice, 
are  given  in  Table  I.  In  the  second  column  the  number  of  experiments  is 
given ;  the  third  column  specifies  the  range  of  temperature  through  which 
the  substance  fell  in  giving  up  its  heat  at  the  lower  temperature ;  the  fourth 
column  contains  the  mean  specific  heat  of  the  substance  calculated  by 
comparisoD  with  that  of  lead,  each  separate  experiment  being  compared  with 
an  immediately  preceding  or  succeedii^  experiment  with  lead. 


Table  I.— Specific  Heats. 

Subetance.         exporimentB. 

EangB. 

^' 

17 

8 
3 

1 
3 
2 

3 

8 
2 

0-04727 

Liquid  air  to  solid  carbonic  acid  ... 

001906 
0- 00435 

Liquid  air  to  solid  carbonic  acid  ... 
Liquid  hydrogen  to  Uquid  air 

0-0689     , 
0  0133     1 

Liquid  air  to  solid  carbonic  acid  ... 
Liquid  hydrogen  to  liquid  oxygen 

0-386 
0-146 
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From   theBe   results   are   constructed   the  following  summary  of  specific 
heats : —  i 

Table  II. 


Substance. 

18*  to  -  78'. 

-78°  to      188°. 

-188*  to.  -252*-6.  . 

0-0794 
0-1341 
0-463* 

0-0190 
0-0599 
0-285 

0-004S 
0-0133 
0-146 

Ice    

It  appears  from  these  values  that  between  the  ordinaty  temperature  and 
the  boiling  point  of  hydrogen  the  specific  beat  of  the  diamond  has  been 
reduced  to  1/19,  whereas  under  similar  conditions  graphite  has  diminished 
to  about  1/10.  Further  it  will  be  observed  that  at  the  lowest  temperatures 
the  specific  heat  of  graphite  is  about  three  times  that  of  the  diamond.  It  is 
also  worthy  of  being  recorded  that  the  values  of  the  specific  heats  of  diamond 
and  graphite  taken  between  the  temperature  of  liquid  air  and  boiling 
hydrogen  are  far  smaller  than  that  of  any  known  solid  substance,  being  even 
lover  than  that  of  any  gas  taken  under  constant  volume. 

Early  determinations  of  the  specific  heat  of  carbon  in  any  of  its  forms 
showed  complete  departure  from  the  law  of  Dulong  and  Petit  But  all  such 
experiments  were  in  general  made  over  a  range  of  temperature  from  about 
the  freezing  point  of  water  to  some  two  or  three  hundred  degrees  Centigrade. 
In  April,  1872,  Professor  H.  F.  Weber  read  a  paper  on  the  specific  healt  of 
carbon  hefom  the  Chemical  Society  of  Beriin.  I  had  made  experiments  on 
the  same  subject  for  the  purposes  of  a  paper  read  on  April  1  of  the  same 
year  before  the  Boyal  Society  of  Edinbuigh,  a  continuation  of  which  was 
read  to  the  British  Association  in  the  following  August  Both  of  these 
papers  appeared  in  the  '  Philosophical  Magazine '  of  1872.t 

Professor  Weber's  observations  extended  from  0"  to  200°,  and  led  him  to 
the  conviction  "  that  the  specific  heat  of  carbon  in  all  its  allotropic 
modifications  varies  to  a  considerable  degree  with  the  temperature."  This  he 
verified  by  finding  that  "  the  specific  heat  of  the  diamond  is  tripled  when  the 
temperature  is  raised  from  0°  to  200°."  My  own  investigations  at  that  time 
consisted  of  two  groups,  the  first  &om  20°  to  the  boiling  point  of  zinc,  tftken 

*  This  ia  from  - 18*  to  -  7S*  in  the  Ice  esperiment. 

t  H.  r.  Weber,  "  The  Specific  Heat  of  Carbon,"  •  PhiL  Mag.,'  187a,  ur.  4,  voL  44, 
p.  251 ;  J.  Dewar,  "The  Specific  He&t  of  Cubon  at  High  Tempentarei,'" FhiL  Magv 
voL  44,  p.  481. 
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as  1040"  C,  and  the  second  to  the  temperature  of  the  oxy-hydrc^en  blow- 
pipe, some  2000"  C.  I  found  that  the  mean  value  of  the  specific  heat  of 
gas-carbon  in  the  fiiet  range  was  0'32,  and  for  the  second  range  was  042,  and 
I  added  " the  true  specific  heat  at  2000°  uiu»t  be  at  least  05 ;  so  that  at 
this  temperature  carbon  would  agree  with  the  law  of  Dulong  and  Petit" 
In  1875*  Professor  Weber  published  results,  proceeding  by  a  series  of 
intermediate  steps  up  to  1000°,  and  showing  finally  "  that  from  the  point 
(about  600°)  at  which  the  specific  heat  of  carbon  ceases  to  vary  with  increase 
of  temperature,  and  becomes  comparable  with  that  of  other  elements,  any  real 
difference  in  the  specific  heats  of  the  two  modifications  disappears,  and 
carbon  obeys  the  law  of  Dulong  and  Petit" 

Professor  Weber  further  showed  that  the  specific  heat  of  carbon,  in  both 
its  forms,  when  plotted  to  temperature  as  abscissa,  produced  a  curve  with  a 
point  of  inflection  in  it,  like  the  Old  English  /.  He  foundf  the  point  of 
inflection  at  about  60°  C.  for  diamond  and  at  about  0°  C.  for  graphite.  The 
results  given  by  Weber  lead  to  the  Table. 


Table  III. 


SulMtance. 

Bimge. 

Specific  heat. 

Dnunond   -79';  to  +21--4 

GraphiM    -79--3to  +2r-6 

0080$ 
01301 

The  close  agreement  between  the  result  of  the  present  investigation  for 
diuDond  and  Weber's  over  the  same  range,  using  the  Bunsen  ice  calorimeter, 
is  noteworthy ;  the  slight  divergence  in  the  case  of  graphite  may  easily  be 
accounted  for  by  the  difierence  in  the  graphites  used.  But  in  both  cases  the 
present  results  coincide  with  the  trend  of  the  curve  as  pointed  out  by  Weber 
for  low  temperatures.    The  Weber  formula  for  the  diamond,  namely. 

Specific  heat  =  00947  +  0000994(-000000036(». 

if  extrapolated,  would  make  the  specific  heat  of  diamond  vanish  about 
>— 92°C.  Behnt  gives  the  specific  heat  of  graphite  between  —78°  and  —186° 
'as  0*075,  which  is  much  higher  than  the  value  given  in  Table  II. 

!  *  *  Phil.  Mag.,'  1876,  Mr.  <,  toL  4^  p.  880. 

;  +  '  PhiL  Mag.,'  voL  49,  pp.  180,  S78. 

I  '  Ann.  der  Fh;«.'  (1900),  Mr.  4,  Tol.  1,  p.  S61. 
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Previous  observations  on  the  specific  heat  of  ice  are  tew,  but  the  following 
have  been  noted : —  o  o 

Renault -78  to     0  04627 

Person -30  „      0  0505 

Person -21  „   -1  0-5017 

These  are  in  agreement  with  the  first  result  for  ice  in  Table  IL 
The  specific  heat  of  ice   between   the   temperatures   of  liquid  air  and 
liquid  hydrogen  has   practically  been  reduced   to    about    1/3  the  vidne 
between  0°  and  —  78°,  and  has  finally  only  about  half  the  specific  beat  of 
steam  at  conetant  volume. 

It  would  be  a  matter  of  interest  to  investigate  the  general  behaviour  of 
various  groups  of  subetancea,  as  regards  their  specific  heats  at  low  temperatures, 
and  without  having  att«mpted  any  careful  systematic  investigation,  the 
following  observations  extracted  from  laboratory  records  are  fairly  represen- 
tative of  some  classes  of  bodies.  In  Table  IV  the  specific  heats  of  two  alloys 
Table  IV. 


Twariun 
I  Bnlphnr  .. 


PotMUDm  ftlnm... 


I  Chr^niuKi Alum. -■--'-'. --'-I... 
Oklotom  oMorid*  (h7dfBl«).. 
Sodium  ohlorid* 


a      I  Cejlon  tlioria  n 


Weight 


0-23 
0'6S7 
0-244 
0-646 

o-asQ 

0-S68 

O'lSO 

0-878 

0-20 

0-892 

0-184 

0-888 

0-106 

0-268 

0-064 

0-lSO 

0-66 

0-106. 

0-090 

0-208 

0-OB 

0-106 

0-807 

o-ioe 

0-316 

0-164 
0-16 
0-100 
0-14 
0-1B6 


iperktuie. 
Centigndc 


DegTM*  Centigndi 


ToLof  |H 

in  onbw 
eMitJnMtra*. 


66-2 
60-6 
46-8 
41-6 
81-6 
67-86 
SO -6 
40-6 
68-6 
88-6 
44-6 


60 

S3 

73-26 

77-6 

76-2 

67-8 

70-6 


0-000 
0-000 
0-048 
O-OC 
0-187 
0-088 
0-266 
0-888 
0-348 
0-388 
0-304 
0-271 
0-W7 
0-164 
0-800 
0-207 
O-SOS 
0-1&4 
0-204 
0-130 
0-S12 
0-176 
0-063 
0-064 
0-OS3 
0-216 
0-236 
0-228 
0-619 
0-400 
0-228 
0-280 
0-044 
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are  given,  which  were  used  in  t^e  course  of  the  present  investigation ;  also 
those  of  the  group  of  sulphur,  selenium,  and  tellurium.  Two  alums,  for  which 
Kopp  had  made  some  observations,  were  included  in  the  reseajch,  together 
with  three  other  t^ical  salts.  Again,  naphtiialine  and  paraffin  were  a.  pair, 
whose  specific  heats  were  examined  ;  also  the  chloride,  bromide,  and  iodide 
of  silver.  The  results  for  the  solidified  gases,  carbonic  acid,  ammonia, 
sulphoroos  acid,  were  of  obvious  interest,  and  several  obaenrations  on  them 
are  given.  With  regard  to  theee  bodies,  it  maj  be  noted  that  tlie 
values  found  are  not  far  removed  from  those  of  the  specific  heats  at 
constant  volume  in  the  gaseous  stat^,  and  I  have  no  doubt  that  if  the 
experiments  had  been  extended  to  temperatures  between  that  of  liquid  air 
and  hydrogen  these  results  would  all  have  been  below  the  ges  constant. 
Hie  other  bodies  examined  all  show  diminution  of  specific  heat  at  the  lower 
temperatures,  the  most  marked  examples  being  the  hydrocarbons,  paraffin 
and  naphthaline. 

An  almost  endless  field  of  research  in  the  determination  of  specific  heats 
and  other  thermal  constants  is  now  opened,  in  which  liquid  air  and  hydrogen 
calorimeters  are  certain  to  become  ordinary  laboratory  instruments. 

n. — Latent  Heats. 
(Received  June  6, — Bead  June  8, 1906.) 
In  the  course  of  my  experiments  on  the  specific  heat  of  diamond,  graphite, 
and  ice  by  means  of  the  liquid  hydrogen  and  air  calorimeters,  the  frequent 
determination  of  the  quantities  of  gas  evapomted  by  lead  in  the  same 
circumstances  as  the  diamond,  graphite,  or  ice  under  investigation  afforded 
means  for  the  direct  measurement  of  the  latent  beate  of  hydn^^,  nitrt^^, 
oxygen,  and  air  at  their  respective  boiling  points.  The  same  data  for  lead* 
were  adopted  as  were  used  on  the  former  occasion.  The  volumes  of  gas 
evaporated  had,  however,  to  be  reduced  to  0°  C.  and  760  mm.  of  pressure. 
If  C  be  the  number  of  cubic  centimetres  of  gas  evolved  per  gramme  of  lead, 
measured  at  0°  C.  and  760  mm.,  while  the  lead  cools  from  t'"  to  f°,  m 
the  number  of  grammes  mass  of  gas  per  cubic  centimetre  tmder  standard 
conditions,  and  »'  the  mean  specific  heat  of  lead  between  t'"  and  f,  then  L 
the  latent  heat  of  the  gas  is  given  by 

*  fiehn  (<  Ann.  d.  Phyaik.,'  1900,  IV,  1,  p.  3Sl)  girea  sp.  heat  of  lead  as  01}300  from 
IB*  to  —79°,  and  0-0291  from  —79°  to  —186°,  whence  we  get  0-0S96  from  18°  to  — 186* 
From  100°  to  18°  he  gives  the  value  0^10,  but  adds  that  this  is  the  "  mean  of  known 
reaiilte."  Later  Schmita  (*Koy.  Soc.  Proc.,'  1903,  voL  7^  p.  188)  givea  the  ap.  heat  of  lead 
as  0D293  at  -85°,  and  0D3W  at  +60*. 

VOL   LXXVL— A.  2  A 
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The  subjoined  table  contains  a  Bummar;  of  the  results  obtained  : — 


»-«—  '^ 

BUloftMnp.       1     ^» 

HMD. 

Oct 

51-72 
61-08 
60-66 

60-4 
48-1 
68-7 

138-9 
138-6 
124-3 
131-6 

I  61-16 
I   60-4 
■138 -1 

ITitragai  

Hjdrog«. 

8 
6 

: 

4 

5 

4 
* 

6 

16-4      -188  -6 
-78            -182  -5 

IB  -4      -196  -6 

17            -196  -6 

-78            -196  -6 

17            -268  -6 

17            -368  -6 

-188            -262-6 

-188            -268  -6 

The  following  details  of  three  sets  of  observations  show  how  closely  the 
results  are  in  accord  : — 


Ozfgen.— Fram  -78*10  -182° -6  j  Bmr.,  760 -9  mm.  i  («tiip.,  10° -4^ 


41-64^ 


104'-5 -0-0890 
"0-00148 -41 -84 


NitT^BiL— From  18° -4 to  -19^*6;  Bur., 760 mm. ;  t«mp.,  18° -4. 


0-471 
O-Sll 
0-667 


106 -2 
106  1 
106-6 


I    106'3    I      g9-69<     ' 


Uydrogen.— From  IS' -4  to  -262° -d;  Bu.,  76S  mm. ;  lemp.,  10^-4. 


0-160 
0-147 
0  122 
0-147 
0-104 


731-3 
789-0 
770-6 
761-9 
7B0-0 


268' -ax  0-0881 -1000 


The  latent  heat  of  hydrogen,  determined  from  19  observations — some 
through  the  shorb  fall  of  temperature  from  liquid  air,  some  through  the 
much   laiger    fall    from    ordinary  temperatures — may    be  taken  as   vety 
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closely  123  gramme-calories.  Considering  the  great  mobility  of  liquid 
hydrogen,  and  its  small  density,  it  might  bo  imagined  that  some  apray 
would  get  carried  up  by  the  hollow  encloaing  gas  bubbles.  If  this  took 
place  in  the  experiments,  then  the  latent  heat  would  be  too  small  In  like 
manner  any  solid  air  carried  down  from  the  neck  of  the  calorimeter  would 
have  an  effect  of  the  same  kind.  II,  however,  the  transit  of  the  lead  into 
the  liquid  hydrogen  was  impeded  by  a  solid  air  constriction  in  the  neck 
then  the  latent  beat  would  be  increased. 

In  my  Bakerian  Lecture,*  the  latent  heat  of  hydrogen  was  taken  to  be 
about  200  units,  from  which  I  made  the  following  deduction : — "  The  order 
of  the  specific  heat  of  liquid  hydrogen  has  been  determined  by  observing 
the  percentage  of  liquid  that  has  to  be  quickly  evaporated  under  exhaustion 
in  order  to  reduce  the  temperature  to  the  melting  point  of  hydrogen,  the 
vacuum  vessel  in  which  the  experiment  is  made  being  immersed  in  liquid 
air.  It  was  found  that  in  the  case  of  hydrogen  the  amount  that  had  to 
be  evaporated  was  15  per  cent.  This  value,  along  with  the  latent  heat  of 
evaporation,  gives  an  average  specific  heat  of  the  liquid  between  freezing 
and  boiling  point  of  about  6."  The  present  investigation  enables  me  to 
correct  this  statement,  the  specific  beat  of  the  liquid  between  the  boiling 
and  the  freezing  point  in  reality  being  3*4  instead  of  6.  It  appears,  there- 
fore, that  hydrogen,  instead  of  following  the  law  of  Dulong  and  Petit,  has 
even  in  the  liquid  state  an  atomic  heat  of  only  half  the  required  amount. 
In  my  paper  on  "  The  Physical  Constants  of  Hydrogenium,"t  it  was  shown 
that  the  specific  heat  of  hydrogen  absorbed  in  palladium  was  about  3*5. 
It  seems  therefore  that  hydix^n  in  the  gaseous,  the  occluded,  and  the  Uquid 
condition,  has  subetantially  the  same  specific  heat. 

In  the  Bakerian  Lecture,}  I  noted  for  comparison  with  the  specific  heat 
of  liquid  hydrogen  that  when  liquid  nitrogen  was  similarly  treated,  "  the 
resulting  specific  heat  of  the  liquid  came  out  0*43,  or  about  6  per  atom." 
Alt,S  in  a  recent  direct  determination  of  this  quantity,  gives  the  value  0*430. 
This  corroboration  of  the  old  determination  of  the  specific  heat  of  liquid 
nitn^n  got  by  the  evaporation  method,  tends  to  confirm  the  accuracy  of  the 
value  now  found  for  the  similar  constant  for  hydrogen. 

Further  corroboration  of  this  value  of  the  latent  heat  of  hydrogen  is 
afforded  by  Clapeyron's  equation, 

latent  heat  =  (v-u);^, 

•  '  Boy.  Soc  Proc'  (J  una,  1801),  vol.  68,  p.  361. 

+  'Trans.  Hoy.  Soc.  Ed.,'  1B73. 

X  '  Bay.  Soc.  Proe..'  loc.  eit. 

I  '  Aim.  d.  Phjflik.'  (April,  1904),  IV,  13,  p.  1027. 
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where  v  and  v,  are  the  specific  volumes  of  the  gae  and  the  liquid  at  tempera- 
ture (absolute)  t  and  presaure  p.  With  this  equation  we  must  combine 
either  a  Eankino  or  a  WiUard  Gibbs  relation  between  vapour  pressure  and 
temperatura  From  some  early  observations  with  the  heliiim  thermometer 
on  the  vapour  pressure  of  hydrogen  below  its  boiling  point,  I  found  the 
Baukine  equation 

logp  =  5-5038-5^. 

Hence,  noting  that  the  density  of  liquid  hydrogen  at  the  boiling  point 
is  0-07,  and  the  specific  volume  of  the  gas  at  the  same  temperature  is  about 
818'7  cc,  Clapeyron's  equation  gives  120'3  as  the  latent  heat  of  liquid 
hydrogen. 

A  corresponding  mean  Bankine  formtda,  based  on  Travers'*  smoothed 
results,  gave  the  latent  heat  as  1 19.  On  the  other  hand,  two  Willard  Qibbs' 
equations,  calculated  from  actual  observations  as  evenly  distributed  as 
possible,  gave  the  results  123-4  and  117*5,  or  a  mean  of  120-5.  Thus,  while 
theoretical  results  seem  somewhat  lower  than  those  of  observation,  both 
point  to  a  value  of  the  latent  heat  of  hydn^n  about  121  or  122  gramme- 
calories. 

In  the  case  of  nitrogen  tiie  observations  seem  equally  good,  and  we  get 
its  latent  heat  about  50-4  gramme-calories.  Determinations  of  this  quantity 
by  former  observers  are  in  very  fair  accord  with  this  value.  A  careful 
investigation  by  Fischer  and  Altt  gave  48-9,  and  more  recently  AltJ  gives 
487  at  718  mm.  pressure  (— 196°-2)  and  52-07  at  96  mm.  pressure 
(  —  210°'05);  Again,  Shearer^  found  in  two  series  of  experiments  the  slightly 
higher  viJue  49*8,  a  result  (he  says)  which  "agrees  very  well  with  that 
computed  from  the  vapour  tension  which  gives  49-25." 

From  observations  of  my  own  on  the  vapour  density  of  nitrt^n  between 
the  boiling  and  melting  points,  I  deduced  a  Eankine  formula, 

logp  =  6-6462-?^. 

which  leads  to  48*03  for  the  latent  heat  of  the  liquid.  In  similar  circum- 
stances from  Fischer  and  Alt's  results,  I  find  the  value  to  be  49'65,  while 
a  Willard  Gibbs  formula  from  the  same  observations  gives  51-4.  The  ratio 
of  the  liquid  to  the  gaseous  volume  at  the  boiling  point  being  only  1/177, 
the  correction  on  this  account  may  be  n^lected  in  using  Clapeyron's 
equation. 

«  '  Phil.  Trana.'  (1908),  A,  vol  200,  p.  169. 

■I-  'Aiiii.d.PhyBik.'(1902),rV,9,p.  118a 

X  '  Ann.  d.  FhTBih.'  (1904),  IV,  13,  p.  10S4. 

§  '  rhy*.  BeT."  (1903),  vol  17,  pp.  l!4,  471. 
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The  value  of  the  latent  heat  of  oxygen  is  found  to  be  5115  gramme- 
oaloriee,  the  Teault  of  14  obaervations,  with  a  possible  divergence  of  half  s 
calorie  either  way. 

Among  the  nioet  recent  determinations  of  the  latent  heat  of  oxygen, 
Shecurer*  gives  the  results  of  two  series  of  observations  as  60*9  and  61*0, 
and  adds  60'8  as  the  result  of  "  thermudynamic  computation."  Eatreicher.t 
by  an  electric  method,  finds  this  quantity  to  be  58  calorios  per  gramme. 
These  results  are  so  high  compared  with  other  determinations  that  they 
must  be  received  with  some  caution.  A  direct  and  careful  series  of 
observations  by  Alt,t  also  by  an  electrio  method,  gives  52*07  as  the  latent 
heat  of  oxygen  at  — 182°-8  (pressure  725  mm.),  rising  to  58-85  at  -201'*-3 
(pressure  68  mm.). 

Olzewski,  Estreicber,  and  Travers  have  made  observations  on  the  vapour 
density  of  oxygen  which  enable  us  to  calculate  its  latent  heat.  Three 
Willard  Qibbs'  equations  were  calculated  tiom  01zewski's§  observations 
between  the  critical  point  and  the  boiling  point,  from  which  a  mean  value 
of  51*4  was  found.  A  careful  examination  and  selection  from  Estreicber'sU 
three  sets  of  observations  between  the  boiling  and  the  melting  point  led  to 
a  Willard  Oibbs  equation,  from  which  the  latent  heat  was  found  to  be 
52-53.  From  Traversi  smoothed  results  a  series  of  six  Bankine  formutfe 
was  calculated  between  W-7  and  79°'17  (absolute),  from  which  the  mean 
value  of  the  latent  heat  was  found  to  be  53*78.  The  ratio  of  the  liquid  to 
the  gaseous  volume  of  oxygen  at  its  boiling  point  being  only  1/255,  its 
effect  in  the  Clapeyrou  equation  may  be  n^lected. 

As  between  oxygen  and  nitrogen  it  would  appear  that  the  former  has 
the  greater  latent  heat,  a  result  to  be  expected  if  we  rely  on  the  constancy 
of  Trouton's  constant,  namely,  that  the  molecular  latent  heat  is  proportional 
to  the  absolute  temperature  of  the  boiling  point.  We  may  determine  the 
ratio  of  these  two  latent  heate  independently  of  the  value  of  the  specific 
heat  of  lead,  by  selecting  observations  over  approximately  the  same  range 
of  temperature,  for  we  have  noted  how  slight  is  the  variation  of  the  specific 
heat  of  lead  per  degree  of  temperature.  On  examining  the  detaib  of  the 
possible  sete  of  observations  that  may  be  compared,  I  select  the  set  for 

«  'Phjs.  Hev.'  (19C0),  vol.  17,  pp.  184,  46&-47N 

f  'Acad.  ScL  Cnc.' (1904),  BuE  3,  i^  183—186;  'ScL  Aba.,  June,  1904  ("HiTncs, 
No.  1441. 

t  'Ann.  A  Hiyrik'  (1«MX  IV,  13,  p.  lOSa 

§  'CompteB  Bendiu'  (1B86),  toL  100,  p.  361 ;  'Nfttnre  (1890),  vol.  SI,  p.  3(i&  ;  'PbiL 
Mag.'  (1S8S),  ToL  40.  p.  Sia 

II  'PhiL  Mag.'  (l^X  voL  40,  pp.  468,  4B». 

IT  *  Phil.  Tnoa.'  (1908),  A,  vol.  SOO;  p.  1S2. 
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nitT<^n  in  wtiich  a  mean  of  106*3  co.  of  g&B  per  gramme  were  given  off. 
This,  reduced  to  0°  and  760  mm.,  became  99'59  cc,  over  a  range  of  tempera- 
ture from  18°'4  to  — 19&°'5.  Two  sets  ot  oxygen  obeervationa  seem  equally 
good,  namely,  the  first  two.  In  the  fonner  of  these  the  mean  volume  ot  gas 
given  off  per  gramme,  reduced  to  0°  and  760  mm.,  was  79'38  cc,  over  a 
range  of  temperature  from  17°  to  —  182°'5i  and  in  the  latter  80*34  cc. 
were  given  off  in  the  same  standard  circumstances  over  a  range  from  16''*4 
to  -182°*6. 

Con^bining  these  last  two  with  their  relative  weights  of  6  and  3,  we, get, 
putting  s'  for  the  specific  heat  of  lead,  and  w  for  the  weight  of  1  cc.  of 
hydrogen, 

Ln=       198°-9  +  2xl99°-5       , 

^      (80*34+  2  X  79-38)  x  16w  " 
while  from  the  nitrogen  observations  we  have 

,    _      213°-9       , 

^      99-59  xl4w    ■ 

Hence  ^=  597-9x9969x14  ^  ^.^jg 

Ln      213-9x23910x16 
This  result  confirms  us  in  the  view  that  the  latent  heat  of  oxygen  ia  greater 
than  that  of  nitrogen. 

Similar  ratios  between  the  latent  heate  of  hydrogen  and  oxygen  and 
hydrc^n  and  nitrogen  are  of  importance  in  themselves,  having  r^iard  to 
future  work,  and  even  although  the  ranges  of  temperature  may  not  l>e 
coincident,  nevertheless  the  change  in  the  value  of  the  specific  of  lead  will 
not  affect  the  ratios  by  much  more  than  about  1  per  cent.,  supposing  we 
take  the  specific  heat  of  lead  to  be  the  same  in  both. 

Thus,  taking  two  ot  the  longest  ranges  for  temperature,  namely,  hydrogen 
from  17°  to  — 252**-5  and  oxygen  from  17°  to  — ISS^-S,  we  get  the  ratio 

Lh_  16 X 79-58 x269°0x 00291  ^  ^.gg . 
Lo      Ix  710-78  xl99°-5x  00295 

similarly,  taking  two  short  ranges,  namely,  hydn^n  from  liquid  air  and 
nitrogen  from  solid  carbonic  acid,  we  find 

Lh _  14 X 51-46 X 64°-5 x 00280  _  , .- 
Lk      1  X 162-22  X  117-5x0*0290"^ 

From  the  fonner  of  these  with  Lo  .=  51*15,  we  get  Lh  =  121-7 ;  and  from 
the  tatter  with  Lh  =  50*4,  we  get  Lh  =  118-4. 

The  latent  heat  of  air  is  a  quantity  whose  determination  is  of  a  different 
order  from  that  of  either  oxygen  or  nitrogen,  seeing  that  the  liquid  evaporated 
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18  not  always  i^  the  same  compositioD,  and  the  compoation  haa  not  always 
been  noted.  Baho*  made  a  det«rmination  of  it  and  lound  ita  value 
to  be  50*8  jjiamine-calnriea.  Bat  in  dealing  with  this  value  later  in  hia 
paper,  he  takes  the  compoutioo  of  the  liquid  air  employed  a»  containing 
93  per  cent,  of  oxygen.  This  result  may,  therefore,  be  more  appropriately 
used  aa  a  lower  limit  to  the  latent  heat  of  oxygen,  and  thus  far  as  a  corrobora- 
tion of  the  present  value  found  for  oxygen.  B'Araonvalt  states,  without 
givii^  any  details,  that  he  found  the  latent  heat  of  air  to  be  65  calories. 
Shearez}  has  examined  this  quantity  cansfully  on  two  occasions,  using  the 
same  method  each  tima  He  disLinguishee  clearly  the  effects  of  various 
compositions.  In  his  eariier  series  of  experiments  he  found  that  for  air 
containing  from  21'8  to  7!!  per  cent  of  ox^en,  the  latent  beat  varied  from 
44'02  to  51*7  gcamme-calories.  In  hia  later  series,  he  found  that  for  air 
containing  from  48  to  90  per  o«it.  of  oxygen,  the  latent  heat  rose  from 
50'6  to  59  gramme-calories.  Still  more  recently  Fenner  and  Bichtmyer,§ 
employing  Shearer's  method,  find  Uiat  from  about  the  composition  of 
atmospheric  air  until  the  mixture  contains  about  94  per  cent  of  oxygen 
the  latent  heat  remains  apparently  constant  at  50*966,  and  that  then  it 
appears  to  rise  rapidly  to  5410  at  97*6  per  cent  of  oxygen.  They  seem  to 
accept  61  gramme-calories  as  the  latent  heat  of  oxygen,  bo  that  the  incieaae 
from  97'6  per  cent  to  100  per  cent  is  exceptionally  rapid. 

In  the  present  series  of  observations,  the  liquid  air  employed  was  old,  that 
is,  it  was  very  rich  in  oxygen.  If  therefore  we  take  the  density  of  the  air  in 
the  gas-receiver  as  being  eqoal  to  that  of  oxygen,  we  shall  have  valuea  of  the 
latent  heat  of  liquid  air  ernng  by  defect  In  the  earliest  experiment  the 
volume  of  gas  given  off  was  (at  0°,  and  760  mm.)  84'25  cc.  per  gramme  of 
lead,  from  IS^S  to  — 184*-5,  whence 

J     _  0-0295  X  203°  x  1000  _  ^q  - 
^ 84-25 X 1-43 -  *^^- 

Similarly  in  a  later  case  from  17°-9  to  —188°  the  volume  per  gramme  of  lead 
was  (at  0°  and  760  mm.)  79'54  cc.,  whence  I^i,  =  53'41.  After  this,  several 
series  of  experiments  were  made  in  which  a  succession  o(  half-grammea  of 
lead,  10  or  12  at  a  time,  were  dropped  into  old  liquid  air.  In  onu  experiment 
where  12  half-grammes  were  employed,  the  mean  volume  of  gaa  given  off  per 
gramme  was  (at  0°,  and  760  mm.)  76-52  cc,  and  the  range  of  temperature  was 

•  '  Ann.  d  PhjBik  '  (1900),  IV,  1,  p.  271. 
+  'Comptee  Reodus'  (1901),  vol.  133,  p.  983. 
t  '  Phya.  Rev.'  (1902),  vol.  15,  p.  191 ;  (1903),  vol.  17,  p.  472. 
g  '  Phya  Rev.'  (i905X  vol,  20,  p.  81. 
VOL.  LXXVI. — A.  2  B 
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from  10°^  to  —188°,  thua  giving  the  latent  heat  of  air  as  53-63.  These  last 
values  come  very  near  those  found  by  Fenner  and  Bichtmyer ;  but  the  reeults 
are  BO  varied  that  it  is  clear  the  question  of  the  latent  heat  of  air  of  very 
big^  oxj^en-coaoentration  ia  one  requiring  further  invi 


Explosions  of  Mixtures  ofCoal-Oas  and  Air  in  a  Closed  Vessel. 

By  Lkonabd  Baibstow,  A.B.C.Sc.,  WL  Sch.,  and  A.  D.  Alzxandsb, 

A.B.C.SC.,  Wh.  Sch. 

(Communicated  by  Professor  Perry,  F.RS.     Beceiv«d  Felxiury  7,— Bead 
March  9, 1906.) 

(Abstract) 

The  experiments  were  proposed  by  Professor  Perry,  and  with  hia  sanction 
and  encour^ement  extended  to  more  than  two  years'  continuous  work. 
The  work  had  for  its  original  object  the  determination  of  the  explosive 
properties  of  compressed  mixtures  of  coal-gas  and  air. 

The  main  apparatus  was  designed  by  Messrs.  McDiaimid  and  Mann, 
students  of  the  Boyal  Collie  of  Science,  South  Eeuaington,  and  was  made 
before  the  authors  of  this  paper  became  connected  with  the  work. 
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In  tlie  prelinunaiy  ezpenmeDts  it  was  found  necessary  to  mix  the  gasea 
independently  of  difTusioa,  and  most  of  the  ezperiments  have  consequently 
been  made  at  an  initial  pressure  of  35  lbs.  per  square  inch  absolute,  as  this 
allowed  a  considerable  volume  of  air  to  be  pumped  into  the  cylinder  after 
the  coal-gas  had  been  admitted.  Eventually  it  was  found  necesaaty  to  take 
,Btill  greater  precautions  in  special  cases,  and  mechanical  miziug  was 
resorted  to. 

The  figure  shows  the  explosion  cylinder,  which  was  18  inches  long  and 
10  inchefl  in  diameter  internally.  The  records  were  taken  with  an  ordinary 
indicator,  the  spring  being  usually  150  lbs.  per  square  inch  per  inch.  The 
recording  dnim  was  made  to  revolve  continuously  at  a  speed  giving 
42-5  inches  of  diagram  per  second.  By  varying  the  firing  arrangements  the 
miztureB  could  be  ignited  at  different  points,  and  a  further  deviation  from 
previous  work  was  made  by  altering  the  length  of  the  tube  which  led  to 
the  indicator.  The  firing  tube  shown  in  the  figure  was  closed  at  the  top 
where  the  spark  was  produced,  and  communication  with  the  cylinder  took 
place  through  a  pin-bole  near  the  bottooL  The  proportion  of  coal-gaa  to 
air  was  kept  constant,  and  using  the  above  tube  the  mixture  was  fired  at 
different  points.  In  general,  changes  resulted  both  in  the  time  of  explosion 
and  in  the  maximum  pressure. 

For  the  most  explosive  mixture  the  change  in  the  maximum  pressure  was 
small  (fig.  8  of  original  paper),  being  only  of  the  order  of  1  per  cent.,  but 
in  weak  mixtures  the  variations  sometimes  exceeded  30  per  cent.  Such 
differences  can  only  be  observed  in  a  vessel  which  absorbs  heat,  but  it  does 
not  thereby  follow  that  the  differences  are  entirely  due  to  the  heat  lost  by 
the  gases  before  the  highest  pressure  is  reached,  since  the  maximum  pressure 
does  not  coincide  with  the  end  of  combustion  when  the  rate  of  cooling 
approaches  the  rate  of  reception  of  heat  by  explosion.  This  and  the  cooling 
loss  can  be  differentiated  in  some  of  the  diagrams  obtained,  and  the 
experiments  were  used  as  a  guide  to  correction. 

Convection  currents  were  also  indicated  by  the  method  of  firing,  by 
explosions  starting  at  the  bottom  of  the  cylinder  being  quicker  than  an  other- 
wise similar  one  beginning  at  the  top.  The  currents  are  sometimes  very 
considerable. 

In  order  to  reduce  the  cooling  effects,  the  explosion  was  often  commenced 
at  four  pointa  in  the  axis  of  the  cylinder.  The  four  spark-gnpa  were  in  one 
continuous  circuit,  and  the  sparks,  therefore,  occurred  simultaneously. 
Keeping  the  initial  pressure  constant  the  mixture  was  varied.  The  highest 
pressure  and  the  most  rapid  explosion  was  produced  when  the  oxygen  of  the 
air  was  just  completely  burnt.    The  pressure  fell  continuously  as  the  pro- 
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pMrtiOD  of  coal-gu  to  air  wbb  dinaJDwhed,  uatU  the  fneCioDsl  volume  of  the 
Quxture  occupied  by  the  ecal-gas  was  abo«t  I  ia  12.    A  sudden  change  then 
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occurred,  and  combustion  remained  incomplete  after  exploaion.     Mixtures 
between  1  in  12  and  1  in  17  were  still  explosiTe,  but  the  amount  of  gas  burnt 
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decreased,  at  first  euddeoly  aud  then  r^nlarly  uutil  the  limit  of  inflamma- 
bility was  reached. 

If  then,  the  gases  remaining  in  the  cylinder,  after  an  explosion  of  a  mixture 
less  rich  in  coal-gaa  than  1  in  12  were  used  instead  of  air  id  a  subsequent 
exploeion,  higher  preasores  should  resuItL  This  was  observed  to  be  the  case, 
and  with  a  necessary  modification  furaiBbes  the  explanation  of  the 
experimental  results  obtained  by  Mr.  Grover  in  1895.* 

In  the  diagrams  of  fig.  8  ripples  are  shown  between  the  beginning  of 
explosion  and  the  time  at  which  the  maximum  is  reached.  It  is  obvious 
from  their  position  that  they  are  not  due  to  the  inertia  of  the  indicator. 
With  four  sparks  or  a  sinj^e  itpark  at  the  top  of  the  cylinder  these  occur 
early  in  the  diagram,  and  ar*  not  usoally  very  noticeable.  Wb«i,  however, 
the  point  of  firing  is  altered,  the  change  is  accompanied  by  a  differenee  in 
the  position  of  the  ripples.  A  measunment  of  them,  when  si^oiently 
unilorm  to  be  measured,  showed  that  the  period  was  independent  of  the 
pressure  at  which  tliey  occurred,  and  eventually  they  were  traced  to  sound 
waves  in  the  indicator  tube  produced  by  the  arrival  of  th«  flame  at  its 
open  end.  All  the  observed  conditions  are  then  satie&ed.  Sapposii^  then 
that  die  md  oi  the  indicator  tube  is  in  the  upper  surface  of  tke  cylinder 
(as  in  the  cases  of  fig.  8),  and  that  the  mixture  is  fired  betow  the  middle  of 
the  cylinder,  the  flame  will  reach  the  bottom  first  and  explosion  will  be 
completed  when  the  ripples  occur,  that  is  they  will  occur  on  the  top  of  the 
diagram,  as  in  the  figure.  The  concluaion  as  to  their  cause  was  confirmed 
by  altering  the  length  of  the  indicator  tube  and  noting  the  change  produced 
in  the  position  aud  period  of  the  ripples. 

When  the  ripples  occurred  at  the  maximum  pressure  the  amplitude  was 
sometimes  enormous,  the  extra  pressure  due  to  the  ripples  being  often  as 
great  as  the  pi-essure  due  to  combustion  in  the  cylinder.  This  phenomenon 
is  probably  connected  with  the  detonation  wava  investigated  by 
MM.  Mallard  and  Le  Chatelierf  and  by  Professor  H.  R  Dixon.}  There 
is  no  evidence  of  the  deconation  wave  in  the  cylinder  itself  in  any  of  our 
experiments.  The  big  movements  are  never  found  with  weak  mixtures,  or 
even  in  rich  mixtures  fired  with  short  tubes. 

With  weak  mixtures,  even  when  combustion  is  complete  after  explosion, 
the  ripples  Indicate  that  the  flame  travels  through  the  more  inflammable 
portions  of  the  mixture  first,  and  therefore  that  the  constituenta  bmrn 


*  "  Uodem  Qas  and  Oil  EngiDeB,"  Qrover. 
t  'Ann.  des  Uines,'  1883. 
X  '  Pbil.  Tnna.,'  A,  1903. 
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aacceeaiTely.    This  type  of  combustion  can  be  detected  until  the  coal-gas 
occupies  more  than  one-eighth  of  the  volume  of  the  mixture. 

As  explosion  b^ns  very  slowly,  a  small  amount  of  friction  in  the  indicator 
introduced  on  approciable  error  in  the  time  of  explosion.  This  was  estimated 
by  making  an  external  gap  in  the  spark  circuit  which  included  the  indicator 
paper.  By  this  means  a  hole  was  pierced  in  the  paper  at  the  time  of  sparking 
and  (Gg.  8)  shows  the  amount  of  error  in  a  particular  cosa  (The  necessary 
corrections  are  given  in  the  full  paper,  which  is  preserved  in  the  Archives  of 
the  Boyal  Society.) 

Ei^erimmU  on  Comprested  Mixtunt. 

These  experiments  form  an  extension  of  the  work  of  Mr.  D.  Clerk 
in  1886.* 

The  arrangement  of  four  sparks  was  found  to  produce  the  most  consistent 
results,  and  it  was  then  noticed  that  slight  changes  in  the  composition  of  the 
coal-gas  affected  the  experiments,  particularly  the  rate  of  cooling.  To  make 
comparative  experiments,  therefore,  it  is  necessary  to  do  them  at  the  same 
time  and  on  the  same  gas.  Three  series  are  given,  each  the  result  of  one 
day's  experiments.  The  gas  used  in  the  first  two  is  the  same,  but  different  to 
that  used  in  the  third  series. 

Series  1  (fig.  H). 

Mixture  constant  (volume  of  coal-gas  divided  by  the  volume  of  air  =  0'168). 
Initial  pressure  varied  from  ^  to  3  atmospheres. 

Series  2  (fig.  12> 
Mixture  constant  (0*105).     Initial  pressure  as  in  Series  1. 

Series  3  (fig.  13). 
Initial  pressure  constant.    Mixture  varied. 
(Tables  accompanying  these  figures  are  given  in  the  full  paper.) 

From  fig,  11  it  will  be  seen  that  for  a  mixture  of  0*168  the  time  of 
explosion  is  almost  independent  of  the  initial  pressure  between  one  and  three 
atmospheres,  but  considerable  increase  is  noticed  for  the  two  lower  pressures. 
Similarly,  between  the  same  limits  the  ratio  of  the  maximum  to  the  initial 
pressure  is  constant.  With  the  weaker  mixture  the  time  of  explosion 
increased  as  the  initial  pressure  decreased,  without  any  decided  effect  on  the 
ratio  of  the  maximum  and  initial  pressures  (Gg.  12). 

The  mixtures  for  Series  3  are  such  that  the  volumes  of  coal-gas  burnt 
*  'Proc  Inrt.  CivU  Eog.,'  1886. 
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increase  in  arithmetical  progreseion.  These  experiments  show  clearly  that  the 
heating  value  of  unit  volume  of  coal-gas  increases  aa  the  mixture  gets  weaker 
(fig.  13). 

Fig.  14  gives  the  cooling  curves  for  the  three  mtwe.  By  analysing  the 
curves  it  will  be  seen  that  the  rate  of  cooling  increases  with  increase  of 
initial  pressure,  but  is  independent  of  the  relative  proportions  of  coal-gas 
and  air. 


Hypotheses  Inirodiuxd  in  the  Calculation  of  Explosive  Phmomtna. 
The  outstanding  differences  between  calculated  and  experimental  results 
can  now  be  explained  by  dissociation  or  an  increasing  specific  heat    The 
hypothesis  of  a  specific  heat  increasing  with  temperature  is  based  entirely,  so 
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Fig.  12. 
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far  ss  experimental  evideDce  is  concerned,  on  the  work  of  MM.  Mallai-d  and 
Le  Chatelier.  They  examined  their  cooling  carves  carefully  in  the  search  for 
a  discontinuity  at  the  lower  limit  of  dissociation.    Fig.  15  shows  an  analysis 
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of  two  of  their  corves.*  The  lower  onrre  ehows  fcbe  disoontunutT'  in  qoeotion 

at  C.    In  both  explosionB  concerned  in  diagram  15,  the  prodaots  are  the  same 

*  •  Ann,  des  Minea,'  1SS3. 
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both  in  composition  and  mase.  In  comparing  results  during  cooling  there- 
fore, equal  presaures  mean  equal  temperatures.  The  rate  of  loss  of  presaure 
divided  by  the  pressure  is  shown  as  the  ordinate  of  the  figure  and  the  ratio  of 
the  two  ordinatea  for  any  given  abscissa,  therefore  gives  the  ratio  of  the 
rates  of  cooling  in  the  two  cases.  Where  m  —  p^w  300,  the  rate  of  cooling 
in  one  case  is  60  per  cent  greater  than  in  the  other. 

The  only  apparent  diETerence  between  two  such  cases  lies  in  the  madma 
reached,and  the  only  other  experiments  which  afford  any  evidence  on  this  point* 
agree  in  showing  that  the  higher  the  maximum  pressure  and  temperature,  the 
lower  the  rate  of  cooling  at  any  given  subsequent  temperature  and  pressure. 
The  rise  in  the  temperature  of  the  cylinder  walls  would  produce  just  such  a 
change.  A  mathematical  and  experimental  investigation  showed  that  the 
metal  itself  does  not  increase  in  temperature  greatly,  and  a  film  must  there- 
fore eziBt  on  the  surface  which  sometimes  attains  a  temperature  of  several 
hundred  degrees  Centigrade.  Such  a  hypothesis  satisfies  all  the  observed 
experimental  conditions,  whilst  it  would  be  exceedingly  difficult,  if  nob 
impossible,  to  explain  either  the  upper  steep  part  of  the  curve  in  fig.  15,  or 
the  difference  in  the  rates  of  cooling  for  the  two  cases,  on  the  idea  that  C  is 
the  linut  of  dissociation. 

Experiments  at  ordinary  temperatures  have  not  shown  any  such  increase 
in  specific  heat  as  is  necessary  for  the  above  hypothesis. 

In  Older  to  determine  the  fraction  of  heat  developed,  the  composition  of 
•  'Ann.  dea  Mines,'.  1683,  p.  427. 
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the  coal-gas  and  its  calorific  valae  weie  obtained.  For  the  richest  mixture 
(0*184  of  coal^^  to  1  of  air)  the  pressure  obtained  was  667  per  cent,  of 
th&t  calculated.  This  fraction  increased  as  the  mixture  was  weakened,  and 
was  about  80  per  cent  when  combustion  became  incompleta  The  highest 
temperature  for  the  richest  mixture  is  2430°  G.  abeolute,  and  the  heat 
developed  63*2  per  cent  On  the  hypothesis  of  increasing  specific  heat,  the 
temperature  would  he  6  per  cent  greater. 

Summajy. 

Miztarea  of  coal-gas  and  air  are  not  inflammable  until  the  volume  of  coal- 
gas  is  greater  than  one-seventeenth  of  the  combined  volumes.  Only  a  very 
small  fraction  of  the  gas  then  boms,  the  amount  burnt  rapidlj  increasing 
with  increased  richness  of  the  mixture  until  the  coal-gas  is  one-twelfth  of 
the  total  volume.  The  least  inflammable  of  the  constituents  then  bums,  end 
combustion  becomes  and  remains  complete  so  long  as  air  is  in  excess.  In 
these  latter  cases  it  is  still  probable  that  the  constituents  bum  successively 
and  not  simultaneously. 

The  hypothesis  of  a  specific  heat  increasing  with  temperature  is  not 
supported  by  direct  experiment,  and  cannot  be  proved  by  any  work  on  the 
pressures  produced  by  explosion,  the  authors  believing  that  a  proof  would 
require  the  measurement  of  temperature. 

Direct  experiments  by  Deville  at  temperatures  below  1400°  C.  have 
shown  that  both  steam  and  carbon  dioxide  are  partially  decomposed,  and 
this  dissociation  is  therefore  taken  by  ua  as  the  sole  explanation  of  tix6 
difference  between  the  pressures  calculated  for  explosions  in  a  closed  vessel 
and  those  actually  obtained 
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ITie  Improved  Electric  Micfometer. 
By  r.  E.  Shaw,  E.A.,  D.Sc. 

(Cummiuiicated  by  Profeaaor  J.  H.  Poynting,  F.R.S.     Beceired  March  30, — 
E«ad  April  X3,  1905.) 

I.  iTUrodttction. — The  electric  micrometer  waa  first  used  for  the  measure- 
ment of  the  amplitude  of  a  telephone  diaphragm.*  It  was  exhibited  at  the 
Itoyal  Sopiety  Soiree  in  May,  1900.  A  Buccession  of  papers  have  followed 
in  which  the  same  principle  has  been  applied  to  other  measurements-t 
The  apparatus  used  in  these  last  papen  is  in  every  way  an  advance  on 
the  first  one.    It  is  described  below  for  the  first  time. 

The  work  done  since  1900  has  established  the  reliability  of  this  method 
of  nieasurement,  and  seems  to  show  that  the  limit  to  its  practical  sensi- 
tiveness (a  unit  of  4  X  10~"  cm.)  has  been  attained.  It  may  be  well,  therefore, 
now  to  state  in  detail  the  form,  peculiarities,  and  limitations  of  tbe 
apparatus. 

IT.  The  ZruitrumetU. — In  the  drawings  fig.  1  is  a  side  elevation  of  the 
micrometer  and  electric  circuit ;  fig.  2  is  an  elevation,  enlai^ed,  showing 
details  of  the  levers ;  fig.  3  is  a  cross-section  on  the  line  A' A',  fig.  2  ;  fig.  4 
on  the  line  B'B',  fig.  2 ;  fig.  5  is  a  section  showing  tbe  contacts  P,  Q ; 
3  is  a  diagramn^atic  view  of  the  instrament  and  suspension. 


In  fig.  1  are  shown  uix  levers  of  steel  A  fitted  to  tui^  on  fulcra  B,  the 
long  arm  of  one  lever  being  actuated  by  the  short  arm  of  tbe  next  through 
*  Shaw,  'Phya.  Soc  Proc.'vol.  17,  and  'Phil.  Mag.,'  December,  190a 
t  Shaw,  'Phil.  Mag.,'  1901 ;  Shaw  and  Laws,  ' Electncian,'  1901  and  1903  ;  Shaw, 
'  Boy.  Soc.  Proc,'  1903  ;  Shaw,  <Roy.  Soc  Proa,'  1904. 
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pointed  piDS  C.  The  fulcra  UockB  D,  which  are  of  hardened  eteel  and  have 
a  true  surface,  are  attached  to  the  maasive  girder  I  of  oast  iron,  ajid  are 
surrounded  hy  a  metal  casing  £  (fig.  2)  which  forms  the  aides  of  a  bal^  for 
oil.  The  fulcra  aie  1  inch  wide,  and  rest  only  an  two  ainall  knife-edges 
which  are  at  the  sides  of  the  fulcra  ac  shown  in  fig.  4.  The  knife  edges  are 
of  hardened  steel. 
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The  short  end  of  the  levers  are  6tted  with  a  hardened  steel  plate  Q 
(fig.  3),  and  with  a  metal  casing  H  which  forms  the  sides  of  a  bath  for  oil 
The  pin  C  in  the  long  end  of  the  levers  (except  the  first)  is  fixed  by  a  nut, 
and  the  ends  of  the  leveiB  are  provided  with  three  holes  for  these  pins  bo 
that  leverage  can  be  varied  (see  fig.  2). 


Fio.  3.  Fio.  4. 

The  levers  are  also  fitted  with  pointers  J,  and  the  girder  has  index  plates 
K  by  which  the  position  of  each  lever  can  be  fixed,  or  a  template  can  be 
used  between  J  and  D  for  the  same  purpose. 
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Each  lever  is  alao  provided  with  a  weight  L  which  gives  firm  piessuie 
of  the  levers  on  the  blocks  and  on  one  another. 

The  end  of  the  long  arm  of  the  first  lever  is  in  contact  bj  a  polished 
i^te  plate  with  the  point  of  the  micrometer  screw  M,  which  has  20  threads 
to  1  cm.,  and  whose  nut  is  attached  U>  the  girder.  The  usual  free  nut  and 
spring  is  used  to  reduce  back-lash. 

The  lower  end  of  the  screw  has  a  divided  wheel  N  and  a  pulley  0.  The 
angular  movement  of  the  screw  can  be  ascertained  by  watching  in  the 
telescope  (fig.  6)  the  reflection  in  the  mirror  m,  the  under  graduated  face 
of  K.  The  end  of  the  last  lever  is  fitted  with  a  sphericaUy-ended  pin  F 
(fig  5)  of  iridio-platiniun. 


The  fixed  measuriDg  surface  Q  ia  carried  by  a  spindle  S'  &om  a  plate  F 
above,  the  position  of  which  can  be  adjusted  in  the  frame  F*  by  the 
adjusting  tripod  screws  shown  at  the  side,  and  by  the  binding  screw  BS 
at  the  top.  The  whole  frame  and  its  attached  parts  are  firmly  fixed  to  the 
girder. 

The  instrument  ia  enclosed  in  a  felt-covered  box,  and  is  suspended  by 
rubber  springs  from  the  top  of  a  massive  frame  S,  which  itself  rests  on  a 
pile  of  heavy  concrete  slabs  T  (2  feet  square)  with  rubber  cushions  IT  at 
intervals.    The  tension  of  the  springs  may  be  adjusted  by  wei^ts  W,  and 
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there  are  rails  CB  to  prevent  these  weights  (ailing  on  the  mioiometer  in  cose 
of  breakage^ 

The  screw  is  actuated  by  an  elastic  cord  driven  by  a  pulley  Y  which  is 
on  an  independent  table.  To  reduce  the  movement  set  up  by  the  working 
of  the  pulley  cord,  the  underside  of  the  box  has  a  plunger  W  working  in  a 
dash-pot  of  castor  oiL 

The  vertical  movement  of  the  screw  actuates  the  system  of  levers,  the 
extent  of  the  movement  being  reduced  by  each  lever  in  succession,  and  when 
the  point  P  touobes  the  tixed  surface  Q,  an  electric  circuit  is  completed, 
and  the  telephone  ttl  sounds,  as  it  also  does  when  P  and  Q  separate  ^ain. 

The  circuit  shown  includes  a  cell,  potential  divider  R,  high  resistances 
telephone,  and  a  condenser  C. 

As  regards  dimensions,  the  height  of  fig.  6  is  10  feet  and  the  parte  are  in 
proportion.  The  lever  system  is  3  feet  long.  Each  lever  is  6  inches  long 
and  is  made  of  ^-inch  square  bar.  The  girder  is  4  inches  deep,  and  ita 
material  is  ^inch  thick.  The  frame  F*  is  small  and  massive  for  the  sake 
of  rigidity. 

III.  SettiTtg  and  Osing. — Suppose,  as  an  example,  we  wish  to  find  the 
magnetic  expansion  of  the  rod  R'  (fig.  1),  i.«.,the  amount  it  changes  in  length 
when  a  known  current  is  sent  through  a  solenoid  of  which  B'  is  cor& 

Remove  the  plate  Q,  by  unscrewing,  and  also  the  last  lever  which  carries  F. 
Polish  P  and  Q  with  dry  rouge  on  wash  leather  and  finally  with  clean  wash 
leather.    Replace  Q  and  the  lever. 

We  have  now  to  make  P  and  Q  come  Juet  into  contact ;  this  ia  a  very 
delicate  adjustment. 

Put  the  telephone  ttl.  to  the  ear.  Adjust  tlie  three  tripod  screws  and  the 
binding  screw  BS  on  the  top  of  the  frame  F' ;  the  former  work  up  and 
produce  level  while  the  latter  works  down.  The  whole  system  can  be 
obtained  rigid  with  F  and  Q  just  in  contact,  this  contact  being  shown  by  the 
sounding  of  the  telephone 

So  fiar  we  have  obtained  only  rough  contact.  To  bring  P  and  Q  into  ban 
contact,  proceed  to  the  pulley  V  (fig.  6)  and  wind  the  pulley  cord,  turning  the 
screw  M  until  the  telephone  sounds  again. 

This  gives  the  extmt  position  of  contact.  There  will  be  a  steady  "  creep  " 
of  the  contact  position  for  a  consideiable  time  after  the  covers  have  been  put 
in  place.  Accurate  work  can  be  done  when  temperature  equilibrium  is 
established  in,  say,  15  minutes.  The  wheel  N  i%  watched  and  readings  on  it 
corresponding  to  the  contact  "  make  "  and  "  break  "  are  noted. 

Change  the  magnetic  field  on  R'  by  known  amounts  and  note  the  corre- 
sponding changes  in  the  contact  positions  of  F,  Q. 
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If  the  jmnt  lever^e  come  to  1000/1  and  tits  eeraw  pitch  be  1/20  cm.,  with 
500  graduatioDB  on  N  the  unit  of  the  infitniment  will  be  10~'  ceo. 

lY.  Caliiraiion.~-ThiB  04ii  be  dooe  b;  measuring  all  the  lever  arms  and 
multi^Ting  die  joist  levers^  into  the  nnit  of  the  mioroioster  screw.  A 
better  method  is  to  use  optieol  interferenoe.  Bemove  the  plate  Q  aud 
spindle  R'  and  mount  a  glass  plate,  vith  a  worked  surCace  face  downwatds, 
in  jdaoe  of  th^n.  On  the  top  of  pin  P  put  a  convex  lens  of  small  curvature, 
ifewtcn's  rings  can  be  produioed  in  the  usual  way  between  plate  and  upper 
lens  surfaces.    Use  sodium  light  and  watch  the  rings  witii  a  microscope. 

On  working  ^e  screw  M  np  or  down  the  pin  F  rises  and  the  rings  grow 
from  oar  contract  into  the  centre,  reqiectivelf . 

Take  readings  of  the  screw  head  for  every  ten  rings  passii^  oae  point  uid 
oalcolate  at  once  the  unit.    The  following  is  a  sample  table :-~ 


Up.        1        Up. 

Dowu 

Down. 

6900 
5920 
5920 
5940 
6900 
6880 

Moan  ... 

6930 
6000 
5060 
5900 
6850 

5950 
6900 
6870 
8940 
6900 
6860 

Mean  ... 

6650 
6900 
5880 
6900 

tooo 

6920 

6890 

Thus  590  units  correspond  to  1  ring  =  X/2. 
„        1  unit  „  =  4-9  X 10""  em. 

The  wave-length  is  a  standard  unit  of  the  order  ft  and  is  1200  times  the 
unit  of  the  inBtrument.  It  would  be  an  advantage  to  have  a  standard  unit  of 
the  order  of  the  instrument,  i.e.,  f^ju  The  greatest  and  least  readings  in  the 
above  table  differ  by  about  2  per  cent.  This  large  error  is  partly  due  to 
inaccuracy  in  reading  the  edge  of  the  rings  (this  might  produce  1  per  cent, 
error  on  10  rings),  but  is  also  due  to  the  fact  that  the  cover  is  not  on  the 
contacts  during  this  calibration,  so  that  thermal  expansions  occur  in  them.  The 
cover  could  be  on  during  calibration,  but  in  the  present  case  it  was  not 
considered  necessary. 
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V.  Sourcee  of  Err&r :  Precautions. 

Movements  are  Normal  to  Contact  Surfaces. — The  levers  are  beat  io  order 
Ihat  (a)  the  tumiog  edges  of  the  fulcra,  (6)  the  contact  point  of  each  lever  on 
the  next,  (e)  the  contact  of  screw  on  the  first  lever,  and  (d)  the  contact  P  and 
Q  where  measurements  are  made,  should  all  lie  in  one  horizontal  plane.  Thus 
when  the  actnatdng  screw  works  up  or  down  hy  a  small  amount  there  ia 
normal  displacement  at  every  contact  surface  and  no  scraping  of  one  surface 
on  another.  If  only  these  small  movements  are  made  we  can  thus  avoid  end 
strain  among  the  levsrs  or  actual  sliding,  which  would  cause  sudden  alteration 
in  leverage  and  jerky  working. 

Strains  tn  Levers. — The  levers  conspire  to  produce  minifioation,  each  long  . 
arm  rests  on  the  next  short  arm  and  is  moved  by  it.  There  is  no  large  stress 
anywhere  in  the  system.  The  actual  pressures  (a)  between  fulcra  and  blocks, 
and  (b)  between  lever  and  levw  have  alternate  maxima  and  minima  from  end  to 
end  of  the  system,  the  greatest  differences  being  at  the  left  end  of  the  system. 
But  the  strains  are  all  due  to  constant  gravitation  stresses.  There  seems  no 
reason  to  expect  that  in  such  a  set  of  well-oiled  contacts,  irregular  strains 
should  arise  from  the  mere  working  of  the  system,  when  measurements  are 
made.  In  actoal  trial  the  micrometer  is  found  to  work  so  uniformly  that  one 
feels  confident  that  the  strains  are  exceedingly  regular,  and  that  each  link  in 
the  system  used  does  add  accuracy  as  well  as  seusitiveness. 

LongitudituU  DiajiiaeemeTUs. — The  levers  are  allowed  three  d^rees  of 
freedom,  a  rotation  on  veilical  axis,  a  translation  across  the  girder  and 
a  translation  along  the  girder.  In  each  case  the  play  is  very  small.  It 
is  very  desirable  that  the  levers  should  have  freedom  without  using  it. 

It  is  important  to  have  the  levers  equispaced,  for  if  the  small  arms  have 
the  same  length  in  each  lever,  a  small  longitudinal  displacement  of  any  lever 
(except  the  first  and  last)  will  not  seriously  change  the  total  leverage.  Thus 
suppose  the  second  lever,  fig.  1,  be  moved  a  small  distance  to  the  right, 
the  first  lever  will  gain  and  the  second  will  lose  leverage  in  the  same  ratio. 
But  if  the  movement  be  continued,  the  short  arms  of  the  two  levers  being 
now  unequal,  the  first  lever  gains  leverage  in  greater  ratio  than  the  second 
loses  iL  The  first  and  last  levers  are  exceptions.  If  the  first  lever  move  by 
a  small  amount  to  the  right  it  atom  loses  leverage.  If  the  last  lever  move  to 
the  right,  the  fifth  lever  ahnr  gains  leverage.  Hence  the  first  and  last  levers 
should  not  be  allowed  to  move  longitudinally  durii^  an  experiment. 
VOL.  LXXVI. — A.  2  c 
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If  work  of  high  accoraoy  is  being  done,  it  ia  therefore  nocessary  to 
frequently  set  the  levers  in  Uiose  exact  places  for  which  the  instrument  has 
been  calibrated.  The  two  other  degrees  of  freedom  wonld  produce  errors  of 
a  smaller  order. 

The  Oil  Baths. — These  (1)  lessen  jerk  in  case  the  levers  slide,  and  (2)  keep 
the  contacts  free  from  dust  and  from  corrosion  by  contact  with  the  air.  It 
will  be  Been  that  of  the  13  contact  places  in  the  lever  system  only  two  are 
exposed  to  the  air,  the  first  and  the  last.  If  particles  of  dust  were  allowed 
to  fall  on  the  contact  surfaces,  they  m^ht  work  into  the  contact,  producing 
serioup  error,  especially  at  the  left  end  of  the  instrument.  Dust  falls  on  the 
oil  surface  and  floats  there,  the  contacts  below  being  thus  kept  clean. 

Vibratiofu. — ^Tremors  from  the  ground  cannot  easily  reach  the  micrometer. 
There  are  two  possible  ways  by  which  they  can  do  so,  (X)  ascend  through  the 
massive  cement  slabs  interleaved  with  rubber,  pass  to  the  top  of  frame  S,  then 
descend  the  rubber  cords  3'  which  are  loaded  with  28-lb.  bars  at  intervals,  or 
(2)  pass  along  the  rubber  pulley  cord  ;  but  this  is  too  light  and  lax  to 
transmit  such  tremors  as  will  affect  the  suspended  body,  weighing  about 
80  lbs. 

Measurable  tremors  only  reach  the  micrometer  rarely.  The  above  insulating 
arrangements  act  ao  well  that  ordinary  measurements  more  than  5  ft^  can  be 
done  throughout  the  day.  Finer  work  is  done  at  night  after  12  o'clock.  It 
may  be  mentioned  that  the  instrument  is  set  up  in  a  vault,  whose  floor  is 
12  feet  below  ground  level,  and  that  a  mechanical  workshop  is  immediately 
overhead. 

Thermal  Expangums. — Expansion  in  the  direction  of  the  length  of  the 
apparatus  can  be  ignored,  wheress  expansion  perpendicular  to  the  levers 
would  introduce  large  error.  The  following  parts,  therefore,  should,  if  possible, 
be  made  of  invar — cage  F',  spindle  B',  pin  P,  lever  pins  C,  fulcra  B.  But 
these  vertical  expansions  become  of  decreasing  importance  as  we  pass  from 
the  ca^  F'  to  the  right  of  the  apparatus,  so  that  thermal  expansion  in  the 
screw  and  last  lever  pin  can  be  ignored.  Suppose  the  spindle  B'  is  of  brass 
(which  must  be  need  in  magnetic  work)  and  is  20  cm.  loi^;  if  its 
temperature  change  1°,  the  movement  is  4  x  10~*  cm.,  i.e.,  10,000  units  on  the 
instrument,  whereas  if  the  first  lever  pin  is  of  brass,  and  1  cm.  loi^,  a  change 
in  temperature  of  1°  would  be  5  x  I0~*  cm.,  i.€.,  1/10  unit 

When  a  new  set  of  measurements  is  about  to  be  taken,  it  is  always  neces- 
sary to  uncover  the  micrometer  and  clean  the  contacts  F,  Q.  On  puttii^  the 
cover  on  again,  thermal  expansion  will  be  seen  in  "  creeping  "  of  the  contact. 
For  the  most  delicate  work,  1  hour  and  sometimes  more  is  required  for 
temperature  equilibrium  to  be  established. 
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Moffnetic  Strains. — Wliea  magnetic  work  is  in  hand,  e.g.,  in^;netic  expan- 
sion,* the  girder  and  cage  F'  and  levers,  and  all  bolts  and  nuts  must  be  of 
non-magnetic  substance. 

The  Contad  Sarfaeea. — Steel,  iron,  platinum,  copper,  carbon,  and  other 
surfaces  have  been  tried  for  P  and  Q,  but  iridio-platinum  seems  best  of  all, 
and  dry  rouge  on  wasbleather  is  used  for  polishing.  High  polish  is  essential 
for  shup  readily  Again,  the  ordinary  use  of  Uie  surfaces,  involving 
frequent  make  and  break,  damages  them,  say,  in  one  hour  of  continiioas  use, 
and  the  readings  become  uncertain. 

It  has  frequently  been  urged  by  critics  that  as  the  surfaces  P,  Q  approach 
one  another,  having  a  potential  difference  of,  say,  1  volt,  there  will  be  a  spark 
between  them  before  the  surfaces  touch,  and  that  this  sparking  will  be 
irregular  and  a  source  of  uicartaint^  in  the  finest  measurements.  This 
sparking  probably  always  occurs,  but  it  is  not  irregular  within  experi- 
mental limits,  as  is  shown  by  the  fact  that  the  readings  of  the  instrument 
are  consistent. 

As  r^^ards  the  length  of  this  spark-gap,  the  present  writer  has  made 
investigations  for  low  volt^es,  from  100  volts  to  0'2  voIt,t  and  has  found 
that  for  P.D.  1  volt  the  gap  is  10  f^fi,  and  that  the  relation  between  gap  and 
P.D.  is  linear.  Assuming  a  combination  of  the  linear  relation,  and  taking 
the  F.D.  used  in  the  Eoicrometer  work,  1/100  volt,  the  gap  would  be  about 
1/10  (Aft.  So  that,  whether  regular  to  20  per  cent  or  not,  the  sparking 
would  intixiduoe  no  measureable  error. 

VI.  Applieabiliiy. — ^The  method  has  been  shown  to  be  applicable  to  various 
measurements : — 

(1)  Telephone  diaphragm  movements  and  hence  the  amplitude  of  the  least 
audible  sound.^ 

(2)  The  expansion  of  iron,  steel,  nickel,  and  of  non-magnetic  bodies  when 
subject  to  changes  of  magnetic  field.§ 

(3)  As  a  coherer.  The  two  contact  points  can  be  brought  to  molecular 
distance  apart  without  touching ;  they  then  constitute  a  very  sensitive  and 
adjustable  coherer.H 

(4)  The  distance  of  discharge  of  two  surfaces  maintained  at  a  different 
electric  potential! 

There   are   other   obvious    applications,   e.g.,   (a)    thermal  expansibility ; 
*  See  ■  B07.  Soc.  Froc,'  1903. 
t  See  <  Rc^.  Soc.  Pn>&,'  1904. 
X  See  '  Phil.  Mag.,'  1900,  and  eniuing  paper. 
§  See  '  Electrician,'  1901  and  1902,  and  '  Boj.  Soc  Proc.,'  1903. 
II  See  'Pfail.  Mag.,'  March,  1»01. 
H  See  'Roy.  Soc.  Proc.,'  1904. 
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[b)  the  Xewtenian  conetaDt,  b;  the  measurement  of  the  movementB  of  a 
pendolum  from  the  vertical  under  the  attraction  of  a  large  maae. 

VII.  Compariaon  with  other  Microtneters. — Other  instrume&tB  capable  of  fine 
measurements  are : — 

(a)  The  OpHcai  Lwer,  on  the  Gauss-Po^endorff  principle.  The  movemmt 
to  be  measured  caueee  rotation  of  a  mirror,  ao  that  a  apot  of  light  from 
it  traverses  a  scale.  In  aome  cases  levers  are  used  to  magnify  the  effect.* 
The  form  used  by  Nagaokaf  is  very  seositive :  there  is  no  lever,  but  the 
movement  of  the  spot  la  examined  by  a  microscope.  The  smaUeet  reeerded 
reading  in  this  way  is  2-3  x  10"'  em. 

(ft)  Interf^enee  Methods. — The  Fizean  method  has  been  dtmdt^ed  by  Abb^, 
Pulftich,  and  Tutton.  The  distanoe  betweoi  the  interfering  Bur&oes  is 
small 

The  intet!terimeter,  where  the  interfering  surfaces  are  far  apart,  has  tiMn 
developed  by  Michelson  into  an  accurate  and  adaptable  imtrumeat. 
The  unit  in  these  methods  ia  about  10  x  10'*  cm.  The  objeotioB  to  these 
methods  is  tlnit  the  interference  bauds  ne  so  far  from  sharp  that  it  ia  difficult 
to  locate  accurately  the  centres  of  two  consecative  bands,  and  to  divide  the 
interTesing  space  into  any  number  of  equal  parts.} 

(e)  The  Mieroaespe. — This  is  still  less  sensitive  than  interferenos  methods, 
tb«  noallest  possibte  reeding  being  2  x  I6~*  cm. 

To  enmnelste  the  qualities  desirable  in  a  micrometer : — 

(i)  Practieai  Seneitivenets  (i.e.,  the  smf^est  dktance  which  can  be  accurately 
read)— 

The  electric  micrometer    ...        4  x  10"*  cm. 

opticftllever    2-3xlO~'    ,. 

interference  methods...       1  x  10~"  „ 
microscope  2xlO~'  „ 

(ii)  Range. — ^The  electric  micrometer  can  read  quite  10,000  tmita 
=4xl0~*  cm. 

In  the  other  micrometers  there  is  a  field  of  view  which  determines  the 
range.  Or,  if  a  micrometer  screw  be  used  to  restore  zero  tBading,  the 
practical  sensitiveness  is  that  of  a  working  screw,  which  is  not  great. 

(iii)  Qaickiiess  of  Action. — The  optical  lever,  interference  methods,  and 

*  See  Sfaelford  BidweU,  <FhiL  Traiia.,'  A,  1BB8. 

t  See  ■  PhiL  Mag.,'  1894. 

I  Kecently,  a  modificatioii  of  Uicheleon'B  method  hae  been  made  by  C  W.  CSiamberlaio 
(aee  Kinalej,  'PhiL  Mag.,'  Maj,  190&X  b;  whidi  the  aenBitiTeneaa  is  greatly  increaaed, 
and  movementaof  3XlO~'ciii.  have  been  measured. 
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microscope,  are  quick  within  the  range  of  the  field  of  view,  outside  that 
range  they  are  at  least  aa  slow  as — 

The  electric  micrometer,  in  which  time  must  be  taken  for  the  movable 
contact  to  bridge  over  the  gap  to  the  fixed  contact 

(iv)  Caliinaion. — The  interference  methods  here  have  an  advant^e  over 
other  micrometers  in  that  no  calibration  is  necessary,  the  wave-length  being 
a  standard  known  length. 

The  electric  micrometer  and  the  microscope  can  be  readily  calibrated,  the 
former  by  interference  bands,  and  the  latter  by  a  line  standard  bar. 

The  optical  lever  cannot  be  calibrated  with  accuracy ;  any  method  takes 
account  directly  or  indirectly  of  the  etTective  length  of  the  lever.  This  length 
is  small  and  diffcult  to  measure  with  precision. 

(v)  Freedom. — In  the  interference  methods  and  microscope  the  measuring 
apparatus  does  not  press  on  the  moving  body,  so  this  need  not  be  rigid. 
This  is  an  advantage. 

In  the  optical  lever  and  electric  micrometer,  actual  mechanical  preasore, 
though  not  necessarily  large,  is  essential.  If  perfect  freedom  of  the  moving 
body  is  required,  these  methods  are  inadmissible. 

(vi)  Compaetnega. — The  optical  lever  is  the  most  simple  and  compact 
micrometer,  and  the  electric  micrometer  is  tlie  least  eo,  in  the  form  described 
above.  But  the  latter  instrument  could,  if  desirable,  be  reduced  to  quite  a 
small  size,  without  detriment  to  its  usftfulness. 

I  am  glad  to  acknowledge  my  indebtedness  to  the  .Royal  Society  for  two 
grants  in  aid  of  these  reaearchea,  and  to  Professor  W.  H.  Heatoa  for  hia 
unfailing  encouragement  and  general  furtherance  of  the  work. 
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By  P.  R  Shaw,  B.A.,  D.Sc. 

(Communicated  hy  Professor  J.  H.  Poynting,  F.RS.     Beceived  March  30, — 
Read  April  13, 1905.) 

I.  Introduction. — InveBtigations  of  amplitude  torecmiinuoua  sounds  prodttced 
in  a  telephone  by  alternating  cnrrent  have  been  made  by  Lord  Eayleigh  • 
Franke,'!'  Cross  and  Mansfield.}  Lord  Bayleigh  found  by  an  indirect  process 
the  valne  0*05  ft/i  for  frequency  612,  and  0'7  ftft  for  frequency  256.  Other 
values  found  by  Lord  Buyleigh§  are :  0-8  Hft ;  1-27  /t.fit.  Toepler  and  Boltzmann 
obtained  results  of  the  same  order.  These  results  cannot  be  tabulated  as  the 
conditions  are  different,  and  in  some  cases  unknown.  Franke,  by  more  direct 
measurement,  obtained  a  value  1'2  ftft. 

The  present  writer||  found  by  direct  measurement  a  value  0'4  fi/i  in  the  case 
of  an  imjmlsive  sovmd. 

In  each  of  these  researches  the  micrometer  was  not  sensitive  enough  to 
actually  measure  the  least-audible  amplitude;  the  relation  of  current  to 
amplitude  was  determined  for  relatively  lai^  amplitudes,  and  separate 
measurements  were  made  of  the  current  which  gives  the  least  audible  sound. 
Extrapolation  then  gave  the  amplitude  in  question. 

The  present  writer  measured  as  little  as  21  /i/i,  so  that  he  was  leas  likely 
to  err  in  using  extrapolation  than  Franke,  whose  smallest  observed  amplitude 
was  52 /f^ 

The  present  paper  shows  how  the  amplitude  of  the  smallest  audible  sound 
can  be  measured  directly  without  extrapolation ;  it  is  even  possible,  as  the 
tables  show,  to  measure  movements  whose  amplitude  is  too  snutll  to  be 
audible. 

With  the  instrument  described  in  the  previous  paper.T  movements  as  small 
as  0*4  i»,ft  can  be  observed ;  the  minimum  audible  has  been  again  investigated 
on  the  same  lines  as  before. 

The  value  obtained  for  a  sensitive  ear  is  0*7  /*/«,  as  shown  below.  It  refers 
to  a  telephone  of  usual  construction  whose  diaphragm  fundamental  is  about 
580,  the  sound  being  perceived  by  the  right  ear  of  the  writer,  expecting  the 
sound. 

*  'PhiL  Mag.,'  1894,  vol.  37. 
+  'Proc  Tel.  Eng.,'  vol.  la 
X  '  Proc  Amer.  AcuL,'  vol.  £0. 
§  Se«  Baftfljgh's  '  Sound,'  Snd  edit. 
II  "  Electric  MicrOT^eter,"  '  Phil,  Mag.,'  1900. 
T  "ImproTed  Electric  Micrometer,"  p.  350,  fupra. 
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II.  Method. — ^There  are  two  distinct  puis  in  the  determination : — 
A.  Observe  the  position  of  the  diaphragm  q  (see  fig.  1)  at  rest  by  making 
contact  pq,  draw  away  p  by  working  the  lever  system,  and  pass  a  steady 
current  tbrongb  the  telephone,  so  as  to  move  the  diaphragm  to  a  new  position 
of  rest. 

Fra.  1. 


Now  move  up  j>  slowly  towards  the  diaphrt^m,  watching  the  micrometer 
screw  (fig.  1,  last  paper),  and  listening  for  contact.  Thus  measure  the 
movements  due  to  a  set  of  steady  currents  down  to  such  small  ones  as 
cause  imperceptible  motion.  Plot  the  relation  between  movement  and 
current. 

B.  Apply  the  ear  to  the  telephone  and  pass  through  the  same  set  of 
currenta  as  in  Section  A.  For  each  current,  except  the  smallest  ones,  a 
sound  is  heard  when  the  key  is  released.  We  thus  learn  the  relation  of 
current  to  audibility ;  the  curve  in  Section  A  gives  at  once  the  relation  of 
amplitude  to  audibility. 

The  sound  is  impulsive,  for  the  diaphragm  is  released  from  a  position  of 
strain,  vibrates  under  considerable  damping,  and  soon  comes  to  rest. 

Both  right  and  left  ear  were  used.  Speaking  generally,  both  ears  would  be 
considered  to  be  normal,  but  as  the  writer  has  had  great  practice  in  listening  to 
faint  telephone  sounds  with  the  r^ht  ear,  probably  that  is  abnormally  acute. 

The  research  was  conducted  in  a  vault  below  ground  between  12  o'clock  and 
4  o'clock  at  night,  so  that  extremely  quiet  conditions  prevailed. 

m.—Am^lii'itde  Tables  :~ 

C  =  current  in  terms  of  1  micro-ampire  as  unit. 

M  =  micrometer  reading. 

ftfi  =         „  „  rendered  in  terms  of  10~*  mm. 
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I. — Old  Beoeiver. 


Set 

1. 

1 

0. 

M. 

ft^ 

B«mMk«. 

H. 

^. 

Bemuki. 

3 
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~ 

Inknd.    Kisht 
Iiuud.    Left 

- 

- 

Iiuud.     Bight 
iMUd.     Lrft 

i 

— 

Jnrtaod.     Bight 
iDAod.    Left 

1,2,1 

0-6 

JurtMd.    Bight 
Terr&int.    Left 
Aad.     Bight 

7-8 

2,8,2 

11 

And.    Right 

9 

8,21,8 

1-4 

Aud.     Bight 
And.    L<lt 

And.    Kght 
And.    LA 

10 

1-fl 

2-8 

2-4 

20 

6,7.6 

2-8 

71817 

8  1 

40 

10, 10,  10 

4-7 

"         " 

II. — Old  Heceiver. 
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M. 
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4 

7-8 

0 
10 
13 

ao 

40 

8,8,8 
8,4,4 

6,  0,  6 
*  6,  7,  7 
8,8,8 

1-4 
1-B 
1-fl 
2-5 
8-1 
8-7 

Iiukud.    Right             1,  li,  1 

Juitftud.    lUght          2,11,1} 
iDkod.    Left             ! 
And.    Right             1      2,2,2 
Jiwt»ud.     Left         ! 

;:     :    :  ii? 
::     ;:      ii.t 

?.  ?■  6 

B,  8,  8 
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1-0 

1-4 
1-8 
1-9 
2-6 
8  1 
8-7 

JnrtHd.    Bight 
Imind.    Left 
Aud.     Right 

Aud.     Left 

III.— New  Keceiver. 
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Set  2.                             1 
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17 
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12 

7  8  8 

8-8 
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8-7 

17 

6-0 
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40 

24;  26;  25 

12 
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IV. — New  Eeceiver. 


c. 
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H. 
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H. 
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1-5 

1,1  or  lei.. 

0-4 

Inaud.     Kigllt 
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2-S 

2,  2,  It 

0-9 

jBrtaud.     Bight 
InBud.    Left 

8 

8,8,2* 

1-4 

Aud.    Right 

8-S 

4.4.4 

1-9 

— 

~ 

Iiund.    Le^ 

4 

6,6,*t 

2-a 

.. 

I.  1. 
lor  leu 

0-4 

In>nd.    Bight 

7-8 

7,7,7 

3-8 

., 

2,1.1 

07 

And.     Bight 
And.    Lrft 

10 

8, 81,  9 

4-0 

'■           " 

2,2,2 

0-9 

In  Set  2  above  another  ring  was  placed  under  the  diaphragm  to  raise  it  to 
a  greater  distance  from  the  magnet  poles,  and  bo  render  the  receiver  less 
sensitive. 

The  Curves  I  and  II  refer  to  one  instrument. 

,.        Ill  „   rV       „       another  instrument. 

Curve  IVj  is  for  the  second  instrument  rendered  less  Bensitive. 

The  curves  are  not  simple  in  form,  which  may  he  partly  due  to  errors  in 
measurement,  as  we  are  near  the  limit  of  the  instrument.  But,  as  in  the 
former  paper,*  it  is  ohvious  that,  according  to  the  exact  tightening  of  the 
diaphragm,  we  obtain  a  different  characteristic  curve  for  it  Thus  III  and 
rV  are  for  the  same  instrument,  hut  no  doubt  the  clamping  conditions  are 
different  in  the  two  cases. 

IV.  Remiita.—'ln  the  curves  the  croae  lines  show  where  the  sound  is  just 
audible  for  the  right  ear,  the  circles  where  it  is  just  audible  for  the  left  ear. 

Averaging  the  results,  we  obtain  0'7  /i/i  for  the  right  ear  and  0*9  /i/«  for 
the  left 

On  reference  to  the  first  section  of  this  paper,  it  will  be  seen  that  the 
above  result  for  impulsive  sound  is  in  close  ^reement  with  those  obtained 
by  Bayleigh,  Boltzmann,  and  others  for  continuous  sound. 

The  fundamental  of  the  diaphragm  when  clamped  hard  to  the  case  was 
found,  by  testing  it  against  tuning-forks,  to  have  frequency  about  580. 
Throughout  the  amplitude  measurements  care  is  taken  to  clamp  tiie 
diaphragm  firmly,  so  as  to  insure  that  its  movements  are  purely  flexural. 

In  the  former  papert  a  scale  of  loudness  was  drawn  up.  It  now  stands 
amended  in  column  A. 

*  Loc  eil.  t  Loe.  eiL 
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/      /^      5.:::"'"' 
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^  ^^"X-     ^ 

■     2  ^^''^     -^ 

j^^  ■-  ^— =* 

■ 

JuBt  audible 0*7  /i/«  0'14  /i/» 

„    comfortably  loud 50  10 

„    uncomfortably  loud ...      1000  200 

„    overpowerii^    5000  1000 

The  word  "just "  here  implies,  in  each  cose,  the  lower  limit. 
The  amplitude  of  the  diaphragm  must  not  be  confused  with  that  of  the 
air  which  it  vibrates.  Lord  Bayleigh*  obtains  a  relation  between  these  two 
amplitudes  bj  considering  the  space  between  diaphragm  and  tympanum  of 
the  ear  to  be  an  air-tight  cylinder,  the  diaphragm  acting  as  a  piston  moving 
at  one  end.  Soughly  speaking,  the  ratio  of  the  two  amplitudes  is  6 : 1 
Using  thia  factor,  we  obtain  column  B  for  air  amplitudes  under  the  conditions 
of  the  above  experiments. 

Though  0'14/i/i  is  the  smallest  audible  amplitude  in  air  to  an  expectant  ear 
when  the  conditions  as  to  silence  are  exceptionally  favourable,  yet  10  /«/*  is 
the  amplitude  for  the  smallest  audible  sound  in  air  about  which  the  ear  can 
be  quite  sure  when  the  conditions  are  normally  favourable  and  the  ear  not 
listening  for  tiie  sound. 

*  Locai. 
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Thia  number  is  used  in  the  next  eeotion. 

v.  Large  Sound  Amplitudes. — It  is  difficult,  or  even  imposeible,  to  measure 
the  air  amplitude  near  the  source  of  a  great  impulsive  sound — e.g.,  an 
explosion,  but  indirectly  we  can  obtain  some  idea  of  this  large  amplitude  by 
observing  the  distance  at  which  the  sound  is  distinctly  just  audible,  and 
applying  the  law  of  sound  radiation. 

If  the  radiation  be  cylindrical,  i  oc  a*,  or 

o,*n  =  a,H  (1) 

where  i  ei  intensity,  Si,  Oa  amplitudes  at  distance  nri  from  the  souioe. 

This  would  occur  if  the  source  were  a  loi^  line  or  if  the  radiation  took 
place  between  near  parallel  waUs. 

If,  however,  the  radiation  be  fpherical,  and  the  source  be  one  of  simple 
expansion  and  contraction  around  a  centre,  i  oc  a*,  or 

oiT-i  =  ajr>  (II) 

Thia  occurs  in  an  atmosphere  of  uniform  temperature  and  free  from  diatinct 
strata.  But  in  reality  there  are  (1)  reflectione  upwards  produced  from  the 
earth,  (2)  reflections  downwards  from  damp  layers  in  the  upper  air,  (3)  total 
reflections  from  upper  or  lower  layers  of  h^her  temperatnre,  and  therefore 
higher  sound  velocity,  (4)  deflections  due  to  air-currents. 

The  spherical  law  will  give  us  a  basis  for  rough  calculations,  but  the  many 
anomalies  in  sound  transmission  are  due  to  these  deflections,  and  not  to  any 
truly  cylindrical  radiation. 

One  or  two  examples,  in  which  we  know  data,  are  given : — 

Thimder. — ^This  has  a  vertical  line-source,  but  for  a  dietaiU  observer  it 
becomes  a  point-source.  If  10  miles  be  the  maximum  distance  at  which  it 
can  be  heard,  expression  II  gives,  ttJung  ri  =  2  yards, 

ai  =  1/12  mm. 

This  value  for  ri  might  be  possible.  It  should  be  observed  that  ai  'a  at 
moU  1/12  mm.,  probably  much  less,  for  near  a  line-source  cylindrical  radiation 
would  occur. 

Camum^Firing. — ^This  is  an  instance  of  a  simple  point-source.  If  30  miles 
be  taken  to  be  a  maximum  distance  for  the  sound  to  carry,  the  amplitude  at 
a  place  two  yards  to  the  side  of  the  muzzle  of  the  gun  where  the  nearest 
gnnner  stands  would  be  about  1/4  mm.  This  seems  to  be  the  largest  aound 
amplitude  of  which  we  have  any  knowledge. 

The  case  recorded  in  '  Knowledge,'  Juue,  1901,  in  which  firing  was  heard 
at  140  miles  from  the  source,  is  peculiar.    Some  deflections  must  have 


d  by  Google 


366     7%«  AmpUtude  of  the  Minimum  AudihU  Impulsive  Sound. 

occurred,  for  over  a  wide  zone  of  from  10  to  50  miles  from  the  sooroe  no 
Bound  vaa  heard. 

Vblcanie  JSruptions. — The  sound  commencee  not  at  a  point,  but  over  a  large 
horizontal  area^  Suppose  the  greatest  distance  to  which  sound  carries  is 
500  miles,  the  amplitude  at  one  mile  from  the  source  would  be  1/200  mm. 

In  the  great  eruption  of  Erakatoa,  sounds  were  heard  5000  miles  awaj. 
If  the  sound  really  travelled  through  air  (and  not  through  the  earth),  it  must 
have  had  a  succession  of  leflectionB  to  take  it  round  nearly  one  earth- 
quadrant. 

In  making  these  estimates  of  large  amplitudes  (whioh  are  intended  to 
show  merely  the  order)  the  spherical  law  is  coosidwed  to  hold  good  while 
amplitude  varies  from  10  ftft  to  100,000 /^t  or  more.  This  is  not  abrioUy 
true  ;  hut  the  errors  caused  by  deSections  in  the  atmosphere  are  uncertain 
plus  and  minus  quantities,  at  least  as  large  as  those  involved  in  taking  the 
spherical  law  to  hold  throughout,  so  that  it  would  be  practically  useless  to 
attempt  a  more  accurate  calcolatidn. 

I  am  glad  to  acknowledge  my  indebtedness  to  the  Royal  Society  tor  two 
grants  of  mon^  whereby  I  have  been  able  to  develop  these  researches. 


d  by  Google 


Note   on  Dr.  H.  A.  WUacm's  Memoir  "  On  the  Electric  Eject 

of  Rotating  a  Dielectric  in  a  Magnetic  Field."* 

By  S.  J.  Barhbtt,  Palo  Alto,  California;  U.S.A. 

(Communicated  by  Professor  Larmor,  Sec.  B.S.    Received  February  6, — 
Bead  June  8,  1906.) 

While  Br.  Wilson's  experiments  undoubtedly  confirm  tbe  electroa  tbeoiy 
of  Lorentz,  as  do  the  earlier  experiments  of  Blondlotf  on  the  motion  of  air 
through  a  magnetic  field,  to  which  Br.  Wilson  does  not  refer,  he  has  seriously 
misinterpreted  thiS' theory  in  statii^  that,  according  to  it,  the  electromotive 
force  induced  in  an  insulator  with  dielectric  constant  K  moving  in  a  magnetic 
field  bears  the  ratio  (K— I)/K  to  the  electromotive  force  indaced  in  a  moving 
conductor.  As  a  matter  of  fact,  it  is  not  the  induced  intensity  or  electro- 
motive force  which  differs  from  substance  to  substance,  and  which  differs 
according  to  different  theories,  but  the  displacement  or  cbaige  produced  by 
this  intensity  or  electromotive  force. 

The  calculation  of  the  intensity  or  electromotive  force  induced  in  matter 
by  ite  motion  in  a  magnetic  Geld,  the  "  motional "  intensity  or  electromotive 
force  of  Mr.  Heaviside,  is  very  simple  on  the  theory  of  Lorentz*  Thus,  if  an 
electron  with  cfaai^  g,  a  constituent  of  any  kind  of  atom  whatever,  moves 
with  velocity  v  in  a  m^netic  field  in  which  the  inductioD  is  B,  it  will,  in 
accordance  with  the  taw  of  Ampere  applied  to  the  convection  current,  be  acted 
upon  by  a  force 

F  =  qYvB. 

The  force  per  unit  charge  upon  the  electron,  or  the  motional  intensity  in 
the  moving  -substance,  is  thus 

e  =  F/q  =  Vi>B, 
and  is  wholly  independent  of  the  nature  of  the  moving  substance.    Hence 
the  induced  or  motional  electromotive  force,  E,  which  is  the  line  int^ral  of 
the  motional  intensity  e,  ia  likewise  independent  of  the  nature  of  the  moving 
substence. 
Thus,  instead  of  Dr.  Wilson's  equation, 

E  =  nir(r,»-ri')H(K-I)/K, 
WB  have  E  =  iwr  (rj*— ri*)  H, 

H,  the  intensity  of  the  magnetic  6eld,  being  written  for  B,  to  which  it  is  equal 
in  magnitude. 

•  ■  FhiL  TraoE.,'  A,  vol.  S04,  p.  131. 

t  '  JounuJ  de  Phyaiqne,'  vol  1,  p.  8, 190S. 
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Hence,  in  place  of  Dr.  WiIsod'b  eqnation, 

E  =  V(C+C')/C, 
we  have 

E  =  V(C+C')/C.K/(K-1)     or     V  =  E  (K-l)/K. 0/(0+0'). 

the  result  which  ia  confirmed  hy  Dr.  Wilson's  experiments, oar  E(K— 1)/K 
being  equal  to  bis  K* 

When  Dr.  Wilson's  abstr&ctf  appeared  in  America  last  July,  I  noticed  at 
once  the  need  for  the  above  correction,  but  refrained  from  making  it  until 
the  appearance  of  his  complete  memoir,  hoping  there  to  find  the  derivation  of 
his  curious  result.  The  memoir,  however,  gives  no  derivation  of  the  erroneons 
statement. 

It  may  be  of  interest  to  state  that  in  1902  I  started  to  construct  apparatus 
for  an  investigation  of  this  subject  by  a  method  different  from  Dr.  Wilson's. 

*  To  avoid  ambigDJtf ,  let  ub  write 

the  motional  E.M.P.  according  to  Dr.  WQaoa**  tfaoory,  and 

the  motional  E.ICF.  according  to  Loreut&     From  theae  e'luationB  we  get  the  relation 
E  =  E.(^). 
Dr.  Wilaon'i  wcoDd  eqiution  on  p.  123  of  Sua  memoir  thou  becomes 
-§log2- -(V,-V,)+E    (Wfl«,i.), 

or  -glogS  =  -(V,-V,)+E,(^)    (Lormle). 

Making  the  tranefonnAtioDe  indicated  bj  Wilaon,  we  get 
-9=-V+E    (Wil»)n), 

or  -9=_V+E,(tl)    (Lorenti). 

Andflnallj  V(C+C)  =  CE    (WiiaonJ, 

or  V(C+C)=CE,(^1)    (lorenti). 

Now  Wilaon'a  ezpeiimenta  proved 

Ii|t2«,»aioE, 

which  is  the  nme  thiog  M  proving 

But  E-,  not  E,  ia  the  motional    E.M.F.      Thua  the  experimenta  proved  V,  or  Q 
{=-^-,E,(~^)),U>  be  proportional  to  the  E.M.F.  in  any  theory  and  to  ^-^ . 
t  '  Roy.  Soc  Proc,*  June  2,  1904. 
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Lack  of  fnnda,  however,  put  an  early  end  to  the  work,  and  it  h&s  been 
resumed  only  lately  with  the  aid  of  a  grant  from  the  Caniegie  Institution. 

Mte  on  the  Preceding  Paper.    By  Professor  Labmoh,  F.RS. 

This  paper  is  commnoicated  by  request  of  Br.  Bamett  The  footnota 
inserted  on  p.  368  was  received  on  March  23  in  reply  to  a  request  for  further 
informatioii  as  to  his  meaning. 

It  would  seem  that  objection  is  taken  to  Dr.  Wilson's  use  of  tiie  somewhat 
ambiguous  term  electromotive  force.  It  does  not  appear  that  Dr.  Wilson's 
experimental  result  is  disputed,  nor  is  any  other  theoretical  deduction  oSered 
in  place  of  his  one. 

The  proposition  proved  by  Dr.  Wilson  is  that  rotation  of  a  cylindrical  con- 
denser around  its  axis,  in  a  longitudinal  magnetic  field,  produces  the  same 
electromotive  effect  as  if  the  condenser  were  at  rest,  and  a  potential  difference 
equal  to  (1— K~')U  were  impressed  between  its  coatings,  e^.,  by  connecting 
them  through  a  battery  of  that  electromotive  force.  In  this  expression  U  is 
the  Faraday  potential-difference  that  would  be  excited  between  the  coatings 
of  the  rotating  condenser  if  they  were  connected  by  a  conducting  wire  that 
moved  alonx  with  them.  Dr.  Bamett  apparently  wishes  to  omit  this  factor 
1— K~>,  and  to  rectify  this  omission  by  making  the  charge  equal  to  the 
difference  of  potential  multiplied  by  the  capacity  multiplied  by  1  — E~^ 

If  the  moving  dielectric  were  air,  as  in  the  experiment  quoted  from 
Blondlot  by  Dr.  Bamett,  the  influence  of  the  factor  I  — E~>  of  course  could 
not  be  detected ;  the  result  must  then  in  fact  practically  be  the  same,  on  any 
theory,  as  if  the  dielectric  were  vacuum. 
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Colours  in  Metal  Glasses,  in  Metallic  Films  and  in  MetalUc 

Solutions. — IL 

Bj  J.  C.  Maxwell  Gabnbtt. 

(Communicated  by  Profeaeor  J.  Lannor,  Sec.£.S.    Becaived  May  16, — B«ad 
June  8,  1906.) 

(Abstract) 

In  the  first  section  of  this  paper  it  is  pointed  out  that  one  and  the  same 
metal  may  cause  a  great  variety  of  different  colours,  just  as  the  colour  of 
gold  vapour  differs  from  the  colour  of  the  light  reflected  from  gold  as  well 
as  from  the  colour  of  the  li^t  transmitted  by  gold  leaf.  While  the 
ultimate  CAUse  of  the  colour  of  a  metalliferous  medium  is  to  be  found  in 
the  structure  of  the  metal  molecule  itself,  the  arrangement  of  these  mole* 
cules,  according  to  any  fixed  law,  causes  them  to  affect  one  another's  free 
periods  in  a  definite  manner,  and  thus  givee  rise  to  corresponding  optical 
properties.  The  object  of  this  paper  is  to  discover,  hj  means  of  these  optical 
properties,  the  molecular  arrangement  (microatructure)  of  various  metal 
glasses,  of  colloidal  solutions  of  metal  and  of  metallic  films. 

Expressions  giving  the  refractive  index  and  the  absorption  coefficieot 
(the  optical  constants)  of  a  compound  medium  consisting  of  metal  (1)  in 
amall  spheres  (granular),  and  (2)  in  discrete  molecules  (amorphous),  diffused 
through  an  isotropic  non-dispersive  transparent  medium  (the  solvent),  are 
next  investigated  in  terms  of  the  corresponding  optical  constants  of  the 
normal  metal 

The  particular  formulee  which  apply  when  the  volume  proportion  of  metal 
in  the  compouud  medium  is  small,  aa  in  the  case  of  metal  glasses  and  of 
"  colloidal  solutions  "  of  metal  in  water,  are  also  obtained,  and  it  is  found 
that  while  spheres  of  any  metal,  so  diffiued  that  there  are  many  to  &  wave- 
length of  light,  will  produce  colours  which  vary  with  the  refractive  index 
of  the  solvent,  diffused  molecules  of  any  metal  produce,  by  transmitted 
light,  a  colour  (the  vapour  colour)  which  is  independent  of  that  refractive 
index. 

By  means  of  these  formuhe  and  of  the  optical  constants  of  gold,  silver, 
and  copper,  experimentally  detennined  for  monochromatic  light  of  several 
different  wave-lengths,  the  numerical  values  of  the  corresponding  optical 
constant  which  would  be  possessed  by  diffusions  of  spheres  and  of  molecules 
in  glass,  water,  or  vacuum,  are  calculated  and  tabulated.  Defining  the 
absorption  of  light  of  wave-length  X.  by  any  absorping  medium  as  being 
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the  logarithm  of  the  ratio  of  the  iuteusitieB  of  that  light  before  and  after 
tisversiiig  a  unit-length  of  the  medium,  graphs  are  given  of  the  calculated 
absorptions  of  these  diffusions.  Curves  are  also  shown  representing  the 
absorptions  of  specimens  of  gold  ruby  glass,  of  silver  stained  glass,  and 
of  copper  ruby  glass,  as  measured  at  the  National  Physical  Laboratory. 

A  comparison  of  these  curves  with  the  graphs  for  gold  spheres  and  for 
gold  molecules  in  glass,  and  a  collation  of  the  lesulta  with  others  already 
obtained  in  a  previous  communication,*  leads  to  the  conclusion  that  the 
colour  of  gold  ruby  glass  is  due  primarily  to  the  presence  of  small  spheres  of 
gold.  The  irregular  blue  and  purple  colours  sometimes  exhibited  by  gold 
glass  are  then  explained  by  the  presence  of  crystallites  caused  by  the 
coagulation  of  the  gold  spheres.  Again,  when  the  corresponding  graphs 
with  water  as  solvent  are  compared  with  the  absorptions  of  colloidal  gold  as 
measured  by  £brenhaft,t  little  doubt  remains  but  that  colloidal  gold  consista 
of  amall  spheres  in  suspension ;  the  blue  colour  produced  by  particles 
coarser  than  the  small  spheres  is,  as  in  the  case  of  glass,  due  to  the  red  l^ht 
being  reflected  by  the  crystallites  and  ao  not  transmitted. 

The  close  similarity  between  the  observed  absorptions  of  yellow  glass 
stained  with  silver,  and  the  calculated  absorptions  of  a  diffusion  of  sUver 
spheres  in  glass — the  calculated  abeorptiona  of  a  diffusion  of  silver  molecules 
in  glass  are  quite  diSerent — indicates  that  the  stained  region  must  contain 
small  spheres  of  silver.  Ehrenhaft'sf  description  of  the  nature  and  position 
of  the  absorption  band  observed  in  the  spectrum  of  colloidal  solutions  of 
silver,  describes  so  well  the  position  of  the  absorption  band  determined  by 
calculation  for  a  diffusion  of  silver  spheres  (hut  not  of  silver  molecules)  in 
water,  as  to  justify  the  conclusion  that  the  bulk  of  the  silver  present  in 
colloidal  solution  is  in  the  form  of  small  spheres:  little,  if  any,  being  in 
true  solution  {i.e.,  molecularly  subdivided) ;  and  this  conclusion  is  confirmed 
by  the  fact  that  the  refractive  index  of  a  colloidal  solution  of  silver, 
which  was  measured  by  Barus  and  Schneider,§  is  precisely  that  which 
calculation  shows  to  be  possessed  by  a  diffusion  of  silver  spheres  (but  not 
of  molecules)  in  water. 

Measurements,  made  by  Sir  WOliam  Abney,  of  the  intensities  with  which 
light  of  various  wave-lengths  is  reflected  from  the  interface  between  the 
stained  and  unstained  regions  of  one  of  the  specimens  of  silver  glass 
which  had  belonged  to  Stokes,  when  held  with  the  SLain  turned  away  from 

*  'Phil.  TraiM.,'  A,  1904,  pp.  388  to  420. 
t  Felix  Ehrenhaft, '  Ann.  der  Phja.,'  vol  11,  p.  4S9  (1903). 
t  Loe.  cit.,  p.  507. 

g  Bonu  and  Schnoider,  'Zeittchr.  f,  Phys.  Chem.,'  vol  8,  p.  278. 
VOL.  LXXVI. — A.  2d 
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the  source  of  light,  aid  in  general  accoTdance  with  the  reflective  powers 
calculated  on  the  bypotheaia  that  amall  spheres  of  silver  are  distributed 
tiiroughout  the  stained  regions,  the  maxima  corresponding  to  light  of  wave- 
length about  X  =:  0-436  in  both  cases.  If  the  silver  in  the  glass  had  been 
molecularly  subdivided  the  maximum  would  have  been  at  about  X  =  0*360. 
The  presence  of  silver  spheres  (but  not  of  discrete  molecules  of  silver) 
throughout  the  stained  r^on  thus  accounts  for  the  blue  reflection,  in 
accordance  with  Stokes,*  as  well  aa  for  tiie  amber  colour  of  silver  gUB» 
viewed  by  transmitted  light,  proving  that  both  colours  were  due  to  suspended 
particles  of  silver. 

A  comparison  of  the  observed  aheorptionB  of  copper  ruby  gUss  with  the 
calculated  absoiptions  of  copper  spheres  and  of  copper  molecules  diffused 
in  glass,  shows  that  copper  ruby  glass  owes  ita  colour  to  the  presence  in  the 
glass  of  small  spheres  of  metallic  copper.t  while  some  copper  molecoles  are 
probably  also  present.  Although  it  has  thus  been  proved  that  gold  and 
copper  ruby  glasses  and  silver  glass  owe  their  colours  to  diffused  spheres  of 
the  metal,  the  metals  which  colour  some  other  glasses  cannot  be  present  in  the 
metallic  form ;  for  ezunple,  the  deep  blue  colour  of  cobalt  glass  cannot  be 
due  to  diffused  metallic  cobalt,  which,  according  to  calculation,  would  give 
a  reddish  colour  by  transmitted  light  akin  to  that  observed  by  Ehrenhaft{ 
in  a  "  colloidal  solution  "  of  that  metal 

The  colours  produced  in  gold,  silver,  and  soda  glasses  by  the  radiation  from 
the  emanation  from  radium,  give  rise  to  the  suggestion  that  all  glasses  contain 
free  ions  of  metal,  and  it  is  by  the  discharge  of  these  ions  and  the  consequent 
reduction  of  the  metal  (so  that  the  metal  is  diffused  in  the  glass),  that 
cathode  and  Becquerel  rays  are  able  to  colour  the  glasses. 

Expressions  are  obtained  giving  the  absorptions  and  reflective  powers  of 
amoi-ph'ouB  or  granular  forms  of  gold  and  silver,  the  specific  gravity  of 
which  is  any  proper  fraction,  fi,  of  that  of  the  metal  in  its  normal  state. 
Curves  are  constructed  to  show  how  the  values  of  these  expressions,  and  thus 
also  the  colours  exhibited  by  transmitted  and  by  reflected  light,  vary 
with  /i. 

A  comparison  of  these  calculated  colour  changes  with  those  actually  shown 
by  gold  and  silver  films,  such  as  those  deposited  on  glass  by  Faraday ,§  and 

•Stokes,  "On  the  Ch&Dge  of  Befrangibility  of  Light,"  '  PhiL  Traoa.,'  18BS! ; 
'  Collected  Papers,'  vol.  3,  p.  316. 

f  Stflhea  (Uk.  cit,  voL  4,  p.  24.^)  thought  copper  rubj  glaaa  waa  coloured  hj  suboiide 
of  copper,  and  attributed  the  change  of  colour  in  some  apecimens  to  auapended  particles 
of  the  metaL 

}  Efarenhaft,  loc.  cit,  p.  506. 

§  Faraday,  Bakerian  Lecture,  'Phil.  Trana.,'  1867. 
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b}'  Beilby  *  when  subjected  to  heat  and  to  pressure,  indicates  that  (a)  the 
films  as  first  prepared  are  in  the  amorphous  or  granular  phase,  and  (b)  heating 
dimmishes  the  density  of  the  film,  while  pressure  is  able  to  increase  that 
density  again,  and  finally,  (e)  this  diminution  of  density  is  probably  effected 
by  the  pass^e  of  metal  from  the  amorphous  to  the  granular  phase,  and  by  the 
growth  of  the  larger  granules  at  the  expense  of  the  smaller,  while  increase 
of  density  is  accomplished  by  changing  some  of  the  metal  from  the  granular 
to  the  amorphous  phase. 

The  optical  properties  of  Carey  Lea'st  so-called  solutions  of  allotropic  silver 
show  that  they  consist  of  small  spheres  of  silver  in  suspension  in  water. 
From  this  and  other  evidence  it  is  shown  that  the  suggestions  mode  in  the 
former  paper{  that  Carey  Lea's  silver  was  not  allotropic,  but  consisted  of 
normal  silver  in  a  finely  divided  (but  not  necessarily  granular)  state,  was- 
almost  certainly  correct 

The  three  forms  of  silver  discovered  so  long  ago  as  1861  by  Hermann  'Vogel,$ 
were  probably  the  amorphous,  granular,  and  crystaUine  forms  discussed  in  this 
paper. 

The  paper  concludes  with  the  su^estion  that  many  fotms  of  metals  which 
have  hitherto  been  considered  to  be  allotropic,  because  possessing  optical 
properties  distinct  from  those  belonging  to  the  metal  in  its  normal  state,  are 
merely  cases  of  fine  division.  Thus  the  properties  of  Bolley's  Iead,||  of 
Scbiitzenberger'elf  silver  and  copper,  and  of  other  allied  cases  of  allotropy 
cited  by  Roberts-Austen,*"  do  not  requiru  the  postulation  of  an  allotropic 
molecule  for  their  explanation. 

*  O.  T.  Beilb]',  Horter  Memorial  Lecture,  Qla^ow,  1887. 

t  Care;  Lea, '  Amer.  Jour,  of  Science'  (188S),  and  'PhiL  Hag.'  (1891). 

t  Loe.  dt.,  p.  419. 

g  Hennum  Vogel,  'Fogg.  Ann.,'  vol.  117,  p.  316  (1861). 

II  Of.  Boberts-Auflten, '  Metalturgf,'  p.  90. 
1  SchUtzenberger, '  BuIL  Soc  Chim.,'  vol  30,  p.  3  (1878). 
••  Boberts-Aoateti,  loe.  eit. 
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The  Evolution  of  the  Spectrum  of  a  Star  during  its  Qrowthfrom 
a  Nebida. 

By  W.  K  WnflOH,  CSa,  F.RS. 
(Received  June  B,— Bead  June  8, 190B.) 

lu  considering  the  probable  evolution  of  the  spectrum  of  a  star  in  its 
different  stagea  from  a  nebula,*  let  us  first  consider  a  mass  of  j^  at  a 
sufficiently  high  temperature  to  be  able  to  radiate  waves  of  light  into  the 
surrounding  space.  If  this  mass  of  gas  were  sufficiently  rare  to  be  transparent 
to  all  wave-lengths  of  light  except  those  which  it  is  itself  able  to  radiate,  its 
spectrum  would  be  a  br^ht-line  one-f 

Sir  William  Huggins  was  the  first  to  show,  in  1864,  that  many  nebulse 
gave  a  simple  spectrum  of  a  few  bright  lines.  These  lines  show  the  presence 
of  hydrogen  and  helium.  Some  other  faint  Hoes  are  also  seen,  but  their 
origin  is  at  present  not  known. 

As  our  supposed  mass  of  gas,  spherical  for  simplicity,  slowly  cools,  its 
density  must  increase  at  the  centre,  and  as  the  density  became  sufficiently 
great  for  the  gas  to  become  nearly  opaque  for  light  of  all  wave-lengths,  the 
bright  lines  of  the  spectrum,  which  at  first  were  thin  and  faint,  would 
continually  thicken  and  finally  become  a  continuous  spectrum.  When  the 
nucleus  had  become  dense  enough  to  be  quite  opaque,  if  no  scattering  of  the 
light  coming  from  the  deepest  parts  of  the  nucleus  is  in  operation,  the  mass 
would  radiate  as  freely  as  a  "  black  body,"  and  the  spectrum  would  be  an 
absolutely  continuous  one.    The  late  Professor  G,  F.  FitzGrerald  sn^ested 

*  [Ifote,  Jtme  8,  1905. — On  Bending  this  paper  to  Professor  L&rmor  for  reading  at  the 
Bojed  Societj,  mj  Attention  was  again  directed  bj  him  to  the  -rerj  complete  discuaaion  of 
some  of  the  subjects  treated  in  it  that  is  contained  in  Sir  W.  and  Ladj  Hoggins'  '  Atlas 
of  Representative  Spectra,'  published  by  Wesley  and  Son,  1S99.  I  am  glad  to  be  able  to 
refer  to  this  high  autlioritj  in  sopport  of  the  views  herein  expreesed.  Thus  it  is 
concluded  there  that  bydrogeD,  end  especially  helium,  are  not  confined  to  any  one  class  of 
stara,  but  are  common  to  all  stars  and  nebulffi.  The  influence  of  partial  pressure  of  the 
gas,  of  convection  currenta,  of  preaaure  due  to  increasing  force  of  gravity,  of  increase  of 
temperature  as  well  as  fall,  are  also  traced,  with  a  general  conclasion  (p.  Tfi)  that 
"  principal  types  of  star  spectra  ahoiild  not  be  interpreted  as  prodnced  by  great  (niginal 
differences  of  chemical  constitution,  but  rather  as  eocceaaive  stages  of  an  evolntioDat 
progress  bringing  about  such  altered  conditions  of  densi^,  temperature,  and  mingling  of 
the  stellar  gases  as  are  sufficient  presumably  to  account  for  the  spectral  differences 
observed."    See  also  British  Association  Presidential  Address,  1891.] 

+  Schuster, '  Astro-physical  Journal,'  January,  190&. 
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in  1896*  that  in  such  a  mass  of  heated  gas  there  would  be  powerful  convec- 
tiou  currents,  and  that  these  would  be  able  to  scatter,  and  deflect  back  into 
the  interior,  rays  coming  from  the  lower  depths  of  the  gaseous  mass,  so  that 
such  a  mass  of  heated  gas,  however  thick,  could  never  reach  the  stage  of 
radiating  as  a  "black  body."  In  fact  it  would  emit  the  same  spectrum 
as  the  mass  gave  before  it  was  dense  enough  to  be  quite  opaque.  If  the 
nebula  consisted  oiiginally  of  an  enormous  mass  of  extremely  attenuated 
hydrogen,  and  mixed  with  it  minute  proportions  of  the  vapours  of  other 
elements  such  as  iron,  magnesium,  etc.,  the  spectrum  of  these  other  elements 
would  not  become  visible  until,  in  the  lapse  of  time,  the  elements  of  high 
atomic  weight  gradually  gravitated  to  the  centre  of  the  mass,  so  as  to  arrive 
at  a  density  great  enough  to  give  rise  to  the  emission  of  their  bright-line 
spectra.  In  this  gradual  process  of  concentration  of  the  heavier  elements 
to  the  centre,  they  would  displace  the  hydrogen,  helium,  and  other  elements 
which  have  small  atomic  weight.  The  heavier  elements  would  in  time 
become  the  source,  in  the  nucleus  of  the  nebula,  of  the  bright,  banded,  and 
almost  continuous  spectrum  ;  while  the  Ugbter  and  now  cooler  elements  like 
hydrogen  and  carbon  would  begin  to  give  a  dark-line  spectrum,  as  Schuster 
shows,  superposed  on  that  from  the  nucleus,  when  the  temperature  gradient 
became  sufficiently  steep.  This  type  of  spectrum  would  hold  until  the 
star  cooled  down  below  the  point  at  which  the  vapour  of  the  carbon  present 
congealed  into  droplets  of  soUd  carbon,  forming  a  cloud-layer  or  photosphere 
in  the  star's  atraosphera 

When  this  critical  temperature  was  reached,  the  star's  spectrum  would 
evidently  undergo  a  profound  change.  The  cloud  layer,  if  deep  enough 
to  be  opaque,  would  entirely  out  off  the  bright-banded  spectrum  coming 
from  the  nucleus,  and  in  its  place  give  us  an  absolutely  continuous  one, 

*  Wilson  and  FitzGerald, '  Eoy.  Soc  Proc.,'  vol.  60.  We  ware  engaged  in  meaaoring, 
by  meam  of  a  Boys'  nidio-micronieter,  the  radiatioa  coming  from  the  positive  carbon  in 
an  electric  arc-ligbt  while  aurroonded  with  different  gasee  under  high  preseure. 

The  arc  wu  enclosed  in  a  strong  iron  box,  on  one  aide  of  which  was  attached  a  steel 
tube  which  was  closed  at  its  furthest  end  b;  a  strong  lens  of  quartz.  This  lens  formed 
an  image  of  the  arc  on  the  radio-micrometer. 

We  found  that  by  suddenly  reducing  the  pressure  of  the  gaa  in  the  box,  there  were  con- 
vection currents  set  up  in  the  steel  tube,  which  were  able  to  scatter  the  light  coining  from 
the  arc  so  that  the  carbon  suddenly  seemed  to  become  only  red  hot,  and  even  in  some 
instances  the  incandescent  carbon  became  quite  inviuble  for  some  eeconds.  But  for  the 
fact  that  the  ammeter  showed  us  that  the  current  waa  flowing  steadily,  we  would  have 
assumed  that  the  arc  had  been  quenched. 

FitzOerald  immediately  made  the  aoggestion  that  we  had  here  an  explanation  of  the 
cause  of  the  darkuess  of  sun-spota. 

Also  Schuster  ('Aetro-phyaicnl  Journal,' 1905)  shows  mathematically  that  this  result 
would  be  produced  by  molecvdar  scattering  of  light,  or  scattering  by  aoapended  particles. 
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on  which  would  be  enperpoeed  the  dark-line  Fraonhofer  spectmin  as  we  see 
in  the  8un. 

Id  a  suQ-8pot  we  get  a  gtimpae  of  the  solar  apectnun  like  what  it  was 
while  the  sun  was  so  hot  as  to  prevent  the  condetiBation  of  the  carbon 
clouds.  Br.  Johnstone  Stoney*  was  the  first  to  point  out  this  view  of  the 
nature  of  the  solar  photosphere.  He  suggested  that  in  the  true  surface 
of  the  photosphere  we  have  a  region  where  the  carbon  clouds  are  absolutely 
nuning.  The  droplets  of  solid  carbon  thiu  fall  to  a  lower  level,  where  the 
temperature  is  high  enough  to  re-vaporise  them  again.  A  sun-spot  sefflus 
to  be  due  to  an  up-rush  of  hot  gases  with  a  temperature  high  enough  to 
vaporise  the  clouds,  so  that  we  are  able  to  see  down  into  the  gaseous  nucleus 
below.  The  penumbra  of  a  sun-spot  may  be  a  region  where  the  carbon  rain 
has  ceased  and  where  the  clouds  are  of  the  nature  of  cirrus  or  fog. 

The  ordinary  Fraunhofer  spectrum  would  then  be  due  only  to  the  vapouia 
of  such  elements  as  from  their  atomic  weight  would  lie  above  the  carbon 
clouds,  in  addition  to  such  vapours  as  get  carried  up  by  the  powerful 
oonvection  currents  which  must  exist  on  account  of  the  rapid  temperature 
gradients  caused  by  the  great  radiation  from  the  clouds.  The  spectrum  of  a 
sun-epot  is  just  what  we  should  expect  if  the  radiation  is  coming  from  a 
gaseous  layer  hotter  than  the  clouds ;  for  it  oousiBts  of  bright  bands  and  lines, 
crossed  by  the  absorption  lines  of  the  vapours  which  lie  between  the  cloud 
layer  and  the  deep-seated  part  of  the  inner  gaseous  nucleue. 

When  we  increase  the  depth  or  the  partial  pressure  of  a  vapour  giving  an 
absorption  apectnun  we  get  more  and  more  dark  lines,  and  also  a  widening  of 
them  into  bands,  until  ultimately  when  the  depth  is  sufficient  to  become 
opaque,  the  spectrum,  as  has  been  previously  shown,  must  assume  the 
character  of  a  continuous  one. 

Sir  William  Huggins  has  shown  that  by  reducing  the  partial  pressure  of 
calcium  vapour,  the  numerous  lines  in  the  spectrum  of  this  body  gradually 
disappear,  leaving  H  and  K  only.  And  Liveing  and  Dewar  record  an 
observation  showing  that  it  is  even  possible  to  wipe  out  the  K  line,  when  the 
remaining  spectrum  consists  of  only  the  one  line  H. 

If,  instead,  the  absorption  spectrum  of  calcium  vapour  were  observed,  the 
first  lines  to  appear  would  thus  be  H  and  E ;  then  aa  the  partial  pressure 
was  increased  they  would  be  followed  by  the  other  lines. 

I  think  we  may  here  have  an  explanation  of  that  striking  phenomenon 
which  is  sometimes  seen  when  observing  sun-spots,  namely,  that  some  of  the 
lines  are  distorted,  showing  rapid  motion  in  the  line  of  mght,  while  other  lines 
of  the  same  element  are  not  affected  at  all 

*  '  Boy.  Soc  Proc,'  vol  16, 1868. 
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In  the  case  of  oalcium  just  cited,  let  us  suppose  that  in  the  sud  we  are 
looking  tbroagb  a  vast  depth  of  say,  60,000  milea  of  calcium  vapour:  if  a 
storm  were  blowing  on  the  upper  surface,  but  only  extending  to  sa;  a  depth 
(rf  1000  miles,  the  H  and  K  tines  would  be  distorted,  but  the  other  lines  in 
the  spectrum  which  are  only  produced  by  the  deeper  layers  would  not  be 
affected  at  all. 

If  we  take  a  tube  oontaioing  a  transparent  gas  such  as  hydrogen,  and 
observe  with  a  apectroscope  the  light  passing  through  it  from  a  source  giving  & 
oontinuouB  spectrum,  we  can  see  no  dark  absorption  lines  due  to  the  gas  as  in 
the  solar  spectrum.  And  probably  we  would  have  to  increase  the  depth  of 
gas  to  many  miles  before  we  would  see  the  lines.  In  the  sun  we  are  able  to 
1(H^  through  from  10,000  to  100,000  miles  of  hydrogen,  and  from  the 
sharpness  of  the  lines  in  the  solar  spectrum  we  have  strong  evidenoa  that 
even  that  great  depth  of  gas  is  etill  almost  quite  transparent.  Thus  we  are 
led  to  the  possibility  that  if  the  san  were  expanded  into  a  nebula,  say  10  times 
the  diameter  of  If  eptune's  orbit,  it  would  give  the  bright  line  spectrum  stiU. 

Other  substances  such  as  sodium  become  opaque  when  the  thickness  of 
their  vapour  is  comparatively  small ;  this  shows  bow  miuute  on  this  view  the 
partial  pressure  of  sodium  vapour  and  other  vapours  like  it  must  be  in  the 
solar  atmosphere. 

It  seems  thus  tenable  that  the  sun's  atmosphere  concdats  principally  of 
hydrogen  and  helium  with  only  minut«  traces  of  such  substances  as  sodium. 

In  the  great  nebula  in  Orion  it  is  permissible  to  suppose  that  the  depth  is 
about  equal  to  the  breadth.  Its  immeasurable  distance  from  us  shows  ub 
what  a  stupendous  depth  of  gas  lies  between  ua  and  the  stars  beyond,  and  yet 
their  light  shows  no  falling  off  in  brilliancy.  This  indicates  with  what 
extraordinary  freedom  ordinary  light  is  able  to  pass  through  untold  millions 
of  miles  of  hydrc^en  and  helium.  It  thus  seems  not  improbable,  as  above 
urged,  that  if  all  the  hydrogen  at  present  in  the  solar  system  were  again 
expanded  into  a  nebula,  say  with  a  diameter  of  10  times  the  orbit  of  Neptune, 
it  would  then,  if  seen  from  a  distant  star,  still  give  a  bright  line  spectrum 
the  same  as  Orion  now  gives  to  us.  The  volume  of  a  nebula  of  this  size 
would  be  of  the  order  of  10"  times  that  of  the  sun ;  if  the  sun  were  expanded 
to  this  size  the  partial  pressures  of  such  substances  as  sodium,  which  oow  in 
the  sun  aie  so  small,  would  become  evauescent,  and  their  spectra  would 
probably  be  quite  invisible,  so  that  we  cau  conceive  that  the  solar  nebula  in 
its  early  stages  of  evolution  gave  a  spectrum  quite  similar  to  many  others  now 
visible  in  the  heavens.  It  would  thus  appear  that  hydrogen  and  possibly 
helium  are  the  principal  constituents  of  the  atmospheres  of  all  stars  and 
oebuliB,  and  that  most  of  the  other  elements  are  present  in  much  smaller 
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quantities ;  And  that  the  Bpecti-utn  of  a  star  may  depend  far  more  on  the  partial 
preBsuree  of  these  elements  in  the  star's  atmosphere  than  on  its  temperature. 

Great  caution  is  needed  in  regard  to  assuming  that,  because  certain  stars 
have  a  spectrum  of  lines  which  are  only  seen  in  the  spark,  they  must  be  at  a 
higher  temperature  than  other  stars  that  do  not  show  these  lines.  We  seem 
to  have  little  direct  evidence  that  would  justify  us  in  stating  that  the  spark  is 
hotter  than  the  arc.  The  conclusion  that  it  is  so  seems  to  have  been  formed 
mainly  because  in  the  spark  spectrum  we  often  get  more  linen,  and  these  aie 
generally  more  towards  the  violet.  It  seems  quite  conceivable  that  Che 
abrupt  and  oscillatory  dischaige  in  the  spark  is  able  to  excite  vibrations  in  the 
atoms  irrespective  of  the  temperature  of  the  gaa.  At  any  rate  it  would  be 
difficult  to  produce  direct  expeTimental  evidence  showing  that  in  the  spark  we 
have  a  high  temperature  in  the  strict  sense.  In  the  arc  we  undoubtedly 
have  a  high  temperature ;  but  even  there,  may  not  atomic  disturbances  be  set 
up  by  the  electric  current,  such  as  would  give  rise  to  certain  lines  in  the 
spectrum  which  would  not  be  visible  if  the  gas  could  be  heated  aay  in  an  oven 
to  the  same  temperature  ? 

Some  very  interesting  experiments  bearing  on  this  have  been  lately 
recorded  by  A.  S.  King.*  He  repeats  some  earlier  experiments  made  by 
Liveing  and  Dewar,  and  his  work  leads  him  to  the  following  conclusion : 
"This  shift  of  maximum  in  the  spark  towards  longer  waves,  in  connection 
with  the  behaviour  of  the  c«esium  series  at  different  temperatures,  would 
point,  on  its  face,  to  the  conclusion  that  the  arc  is  of  a  higher  temperature  than 
the  spark,  in  contradiction  to  the  view  generally  held ;  though  our  knowledge 
will  not  enable  us  to  deny  that  most  of  the  spark  properties  usually  deduced 
as  evidence  of  higher  temperBtureif  such  as  great  brightness  with  email 
volume,  richness  of  spark  spectra  in  ultra-violet  lines,  etc.,  may  be  the  result 
of  the  more  violent  electrical  action.}  However,  the  modem  view  points  to 
something  so  diSerent  from  a  thermal  radiation  in  the  spark,  that  it  seems  as 
if  the  word  '  temperature '  cannot  be  used  in  the  same  sense  for  both  are  and 
spark." 

If  we  take  a  Plilcker  vacuum-tube  containing  a  trace  of  air,  the  most  feeble 
deUrieal  dischaige  through  it  will  make  the  gas  glow  brilliantly  and  give  a 

*  "  Ou  the  eminion  spectra  of  metaJa  as  given  bj  an  electric  oven,"  '  Aatro-phj'«ic&l 
Journal,'  April,  1905. 

t  Liveing  naU  Dewar, '  VLoj.  Soc.  Froc,'  vol.  44,  pp.  S4I  &ud  24S,  1888. 

X  J.  Hartmao  and  Q.  Eberhard,  "  On  the  Occurrence  of  Spark  Liuea  in  Arc  Spectra," 
' Aetro-phjaical  Journal,'  Ko.  3,  p.  229,  1903;  J.  Hartman,  "On  a  nev  Relationship 
between  Arc  and  Spark  Spectra,"  '  Aatro-phjaical  Journal,'  No.  4,  p.  STO,  1903 ;  H.  Crew 
and  J.  0.  Barker,  "On  the  Thermal  Development  of  the  Spark  Spectrum  of  C^bon," 
'  Astro-pbyaical  Journal,'  No.  S,  p.  61,  1903. 
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bright  line  epectmm ;  even  rubbing  the  outside  of  the  tnbe  with  a  clotb  will 
make  it  glow.  But  if  w«  send  a  beam  of  l^t  from  a  glowing  solid  body 
through  the  tube  when  thus  excited,  we  do  not  see  the  absorption  spectrum  of 
air.  Even  the  depUi  of  our  atmosphere  is  not  sufficient  to  bring  out  all  its 
absorption  lines,  as  we  see  an  enormous  increase  in  their  number  when  the  sun 
is  near  the  horizon.  This  appears  to  be  evidence  that  the  electrical  discharge 
is  able  to  make  the  air  give  an  emission  spectrum  quite  irrespective  of  its 
tempeiatuTe.  If  it  were  a  temperature  effect  we  ought  to  get  some  trace  of  an 
absorption  spectrum  by  looking  through  the  tube  at  a  continuous  source 
of  light. 

If  we  could  keat  a  column  of  air,  of  the  same  depth  as  our  atmosphere,  to  a 
temperature  sufficiently  high  to  make  it  radiate  waves  up  to  its  extreme  ultra* 
violet  lines,  w«  would  then  on  the  pi-esent  view  get  a  bright-line  spectrum 
identical  with  the  absorption  spectrum  we  get  when  the  sun  is  in  the  zeuiUi ; 
and  if  we  could  heat  to  the  sam«  temperatwe  a  column  of  air  of  the  depth  that 
a  beam  of  light  traverses  when  the  sun  is  on  the  horizon,  we  would  get 
an  enormous  increase  in  the  number  of  bright  lines,  in  the  same  position  and 
density  as  the  dark  lines  we  observe  in  the  absorption  spectrum  with  a  low 
sun. 

If  we  could  reduce  gradually  the  depth  of  our  column  of  air  keeping  the 
temperature  the  same,  we  should  get  less  and  less  bright  hues,  in  the  same 
way  as  we  would  get  less  absorption  lines,  and  ultimately  when  the  depth  of 
the  column  was  sufficiently  reduced  we  would  be  unable  to  get  either  bright 
lines  or  dark  ones. 

As  has  been  pointed  out  earlier  in  this  paper,  substances  vary  enormously 
in  the  density  or  partial  pressure  that  they  require  to  give  an  emission  or 
absorption  spectrum.  A  few  inches  of  sodium  vapour  will  give  a  far  darker 
absorption  spectrum  than  we  get  in  the  sun.  indicating  that  the  partial 
pressure  of  that  substance  in  the  solar  atmosphere  must  he  of  extreme 
tenuity. 

M^^esium  vapour  is  probably  very  opaque.  Some  years  ago  (1895),  I  was 
eng^ed  in  measuring  the  thermal  radiation  from  sun-spots  with  a  Boys' 
radio-micrometer,  using  a  large  image  of  the  sun  about  3  feet  in  diameter, 
which  was  thrown  on  a  screen  in  the  laboratory  by  a  heliostac  There  was 
a  fairly  large  spot  on  the  disc,  and  my  eye  at  once  detected  a  brilliant  green 
patch  on  the  side  of  the  umbra  and  partially  covering  it.  It  was  shining 
like  a  green  lamp.  I  then  observed  it  with  the  solar  spectroscope,  and 
found  all  the  magnesium  lines  brilliantly  reversed.  I  also  took  a  phott^raph 
of  it  with  the  photo-heliograph. 

The  area  of  this  magnesium  cloud  was  probably  about  60,000,000  square 
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miles.  It  has  always  seemed  very  difficult  to  explain  the  origin  of  a  dond 
like  this  mainly  of  one  Bubstaoce  only,  like  magnesium ;  but  if  we  assume 
that  the  partial  pressure  of  magnesium  in  the  solar  atmosphere  is  almost 
eraneeoeDt,  the  smallest  Increase  of  its  density  would  greatly  increase  tiiB 
intensity  and  number  of  its  lines.  The  reversal  of  its  speotnun  mei^y 
showed  that  the  vapour  was  at  a  much  higher  temperature  in  the  spot  than 
in  the  neighbouring  photosphere. 

If  the  vapours  of  the  different  elements  in  the  sun  lie  below  the  photo- 
sphere more  or  less  in  layen  accoidii^  to  their  atomic  weight,  while  the 
reversing  layer  above  the  photosphere  is  made  up  of  a  mixture  of  a  great 
number  of  them  by  oonveetion  currents,  is  it  not  conceivable  that  some 
vapours  like  magnesium  get  carried  up  from  below  and  temporarily  increase 
their  partial  pressure  locally  in  the  atmosphere  ?  The  qoantity  of  vaponr 
thus  required  to  bring  oat  more  enhanced  lines  in  the  spectrum  would 
po«  ibly  be  quite  minute. 

To  sunmnarise  this  paper ;  it  aeema  that — 

1.  If  the  temperature  of  a  star  ia  sufficiently  high  to  enable  the  gases, 
if  dense  enough,  to  emit  all  their  lines  up  to  the  extreme  ultra-violet,  then 
an  increase  of  temperature  would  have  very  little  effect  in  altering  their 
spectrum. 

2.  DifTereoces  in  the  partial  pressure  of  any  one  gas  in  two  stars  of  the 
same  temperature  may  have  a  very  laige  effect  in  determining  the  lines  that 
would  be  seen  in  its  spectrum. 

3.  Stars  whose  temperatures  were  slightly  above  and  below  the  critical 
point  at  which  the  pbotoepheric  clouds  are  formed  would  differ  largely  in 
their  spectrum. 

4.  From  the  above  causes  it  would  seem  impossible  to  classify  stars  on  a 
scale  of  temperature  alone. 
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Researches  on  Explosives. — Part  III. 

By  Sir  Audkew  Noble,  Bart.,  KC.B..  F.RS.,  D.Sc.,  etc. 

(RMeived  uid  Bead  June  8,  1906.) 

(Abstract) 

The  principal  object  of  the  researches  which  are  commuDicated  in  this 
paper  was  to  ascertain,  with  as  much  accuracy  as  possible,  the  differences  in 
the  transformations  which  modern  explosives  suETer  when  tired  under 
gradually  increasing,  but  considerable,  differences  of  pressure.  The  first  part 
of  the  paper  gives  a  description  of  the  varied  apparatus  which  was  designed 
or  used  in  the  research. 

Although  the  author  has  made  experiments  with  many  other  explosives, 
those  to  which  attention  is  devoted  in  this  paper  are  three  in  number: 
(i)  the  cordite  known  as  Mark  I  (for  which  the  country  is  indebted  to  the 
labours  of  Sir  F.  Abel  and  Sir  James  Dewar) ;  (ii)  the  modified  cordite  known 
as  M.D. ;  and  (iii)  a  tubular  nitro-cellulose  known  as  R  B.  BottweiL 

The  modes  of  observation  and  calculation  followed  are  shown  by  several 
examples,  and  then  in  tabular  form  are  given  the  results  of  the  series  of 
experiments  on  the  three  explosives  named,  which  were  fired  under  a  variety 
of  densities  and  pressures,  and  with  regard  to  which  the  essential  constants 
have  been  determined.    These  tables  give : — 

1.  The  densities  under  which  the  various  charges  were  fired. 

2.  The  volumes  of  permanent  gases  generated,  at  0°  C.  and  760  mm.  of 

barometric  pressure,  per  gramme  of  explosiva 

3.  The  total  volume  of  gas  per  gramme,  aqueous  vapour  being  included. 

4.  The  percentage  volumes  of  permanent  gases. 

5.  The  peroent^e  volumes  of  the  total  gases. 

6.  The  percentage  wei;^hts  of  the  total  gases. 

7.  The  pressures  at  each  density  in  tons  per  square  inch. 

8.  The  same  pressures  in  atmospheres. 

9.  The  units  of  heat  determiued,  the  water  being  fiuid. 

10.  The  units  of  heat,  water  being  gaseous. 

11.  The  specific  heat  of  the  products  of  explosion  for  each  density. 

12.  The  comparative  temperatures  of  explosion  determined  by  dividing 

the  units  of  heat  (water  gaseous)  by  the  specific  heats  in  11. 

13.  The  comparative  potential  energy,  the  highest  energy  determined  being 

taken  as  unity. 
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Cordite  Mark  I. 

D«iui^  of  ohargs  exploded. 

O'lO  0-16  0-aO  0-26  0-80 

Toloine  of  penmuieot  gw  per  gnnune. 

6H6-1         690-9         711-2         6Q1-0         663-4 

Tolume*  of  total  gu  per  grunme. 
870-7  877-9  888-7  871-8  838-6 

PoroBiitBge  Tolumet  of 


§8-::: 

.     27-16 
.     84-86 
.     17-60 
0-80 
.    3070 

28-06 
88  10 
10  26 
0-46 
10-16 

20  10 
81-90 

10-50 
0-60 

18-90 

80-66 
80-66 
10  66 
1-65 
18-60 

81-76 
28-00 
18-06 
1-60 
IB '80 

86  70 
24-80 
17-60 
8-80 
18  70 

88-30 
32-66 
14-80 
6-05 
10-30 

U-96 
10  10 

S.::: 

7-06 
19-86 

Tolomei  of  total  gawi. 

S2-  ■ 

oo  ... 

.     20-97 
.     36-68 
.     18  62 
.      0-28 
.     16-09 
.     23-76 

23-06 
26 -OS 
16  14 
0-86 
16-08 
21-86 

23-90 
26-20 
16-41 
0-47 
14-08 
31-00 

24-68 
38  78 

16-64 
1-24 
14-88 
10-08 

36-36 
22-08 
16-07 
1-27 
14-96 
20-46 

28-37 
19  71 
18-01 
2-62 
14  86 
20-68 

80-18 
17-81 
11-64 
8-07 
15  10 
31-36 

83-03 
16-08 

T- 

6-66 

Ufi... 

31-30 

wdghtt  of  totkl  gMee. 

00,... 
00  ... 

.     86-10 
.     20-00 
114 
.      0-18 
.     17-68 
.     16-96 

88-24 
28-70 
1-16 
0-21 
16-63 
16-07 

80-63 
27-69 
1-31 
0-81 
16-87 
14-80 

43-01 
36-61 
1-26 
0  70 
16-61 
13-08 

43-83 
24-80 

lie 

078 
16-17 
14-27 

47-03 
»78 
1-04 
1-68 
16-68 
18-89 

48-6S 
18-82 
0-86 
3-84 
16-67 
14-34 

61-84 
16-03 

8  18 
16-66 
18-68 

Premure  in  tonj  per  •qonre  inoh. 
7-8  11-40  17-3  31-08 

Freemre  in  atmospheree. 
1189  -0        1761  -6        2621  ■»        8218  '8        '. 

Umte  of  heat,  water  fluid. 
1360  7         1249 -9        1244  2        1242  -8 

TTnita  of  heat,  water  ga«eoua. 
1160-0        1170-6        1174-9        1166-8        1109 '2 

Spedflc  heat. 
0-22918      0-23006      0-23368      0 '23030      0  23804 

TempenttureB  of  ezploeioD.    Centignde. 
6104°  7      6088°  ■*      6188= -0      6086°  4        6268°  7 


1278-6       1200  7       1860'0 


ComparatiTe  potential  energ;. 
0-0788        0-0730 


680r-0 
-9680       0-0610       0-0677 
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Denii^  of  ohugs  exploded. 
O-IO  0-16  O-ao  0*25  0-80 

Tolnme  of  pemunent  gai  per  gismme. 
788-4         7&9-9         769-1         746-5         786-0 

Tolumst  of  total  gu  per  giwrnne. 
9M-4  988-8  916  6  888-6  876-8 


Peroentage  Tolnmw  of  permuient  gMM. 


OO, 18-16 

CO   42-flO 

H 38-16 

OH. 0-86 

N 16-76 

00, W-86 

CO    84-87 

H 18-96 

OBi, 0-29 

H 12-89 

H,0 18-15 

00, 27-89 

CO  41-88 

H 1-63 

CH4 0-18 

H 16-82 

H,0 18-81 


31-60 
88-90 
22-70 


23-80 
86-80 
21-70 
8-40 
14-80 


38-76 
88-66 
19-80 


29-40 
81-10 
17-76 
8-65 
15-30 


Peroentage  TolnniM  of  total  gMM. 


16-74 
S3 -90 
19-34 


17-96 
83-46 
18-96 


19-99 
80-60 
18-28 
8-88 
13-48 
15-99 


22-46 
28-38 
16-61 
8-90 
13-71 
16-10 


24-69 
26-12 
14-91 
6-50 
12-76 
ie-03 


Peroentag«  wdglita  of  total  guM. 


89-71 
1-fll 
0-66 
14-74 
12-67 


1-76 
1-06 
14-69 
11-68 


43-07 
28-82 
1-16 
8-41 
18-91 
11-18 


Fremue  in  toni  per  iqiun  iuafa. 


411-0        lOGI-B        1664-8        3817-0        8166-4        4210-8 


3S-40 
27-26 
14-46 
9-30 

15 -ao 


27-88 
22-71 
12-04 
7-76 
18-00 
16-67 


46-88 
28  78 
0-90 
4-66 


86-60 
24-80 

11-90 
10-70 
16-00 


80-66 
20-71 
9-04 
8-94 
18-86 
16-49 


48-76 
21-08 
0-72 
6-19 


ff-S        6687-8 


Uoita  of  heat,  mitsr  fluid. 
108G-9        1029 -S        1014-7        1034 -?        1041-4        1087-3        1160-6        1190-0 

Vnita  of  bMt,  imter  gMeom. 
961-9  963-4  963-6  974  •?  981-1         1007-6        1090-6        1182-6 

Speoifloheat. 
0-28714      0-28663      0-38840      0-23418      0-23198      0-23082      0-22860      0-S3S29 

Tempentorea  of  eiploaion.     Oeutignde. 
40eff'-2        4086'-7      3996''-8      4119°-9      4320°-e        4B66°-8      4?68°'4        603ff'-8 
ComparatiTe  potential  eamgj. 
0-8401        0-8283        0-8309        0-8178        0-8216        0-8886        0-8089        0-8843 
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Nitro-Cellulose. 

"Dvantj  ol  oharge  siploded. 
0  08        0-10  0*16  0*30  0*222        0-29  0-80 

Tolnme  of  peTmanent  gai  pa  gnumne. 
814-7      804-8       804-4       768-9       769-2       787-8       787-9 

VolamM  of  totftl  gu  ■per  grsmme. 
998-1      969-8        970-1        929-9        9228        SS8-6        88a*2 


00| 17-90  19-SB 

OO   48-4S  41-4fi 

H 24-40  24-90 

OH, 0-flO  0-80 

H 18-66  12-96 

OO, 14-68  16-48 

OO   S6-68  84-42 

H aO-01  20-87 

OH, 0-4e  0-71 

H 11-19  10-76 

H,0 18-00  16-97 

DO, 98-19  81-08 

OO   48-58  41-24 

H 1-74  1-76 

OH, 0-84  0-48 

H 18-71  13-92 

H,0 12-48  12-67 


Peroeotage  ToInmM  of  permuieDt  guoa. 
23-90 


20-86 
40-66 
28-86 
1'90 
12-75 


21-76 
8-60 
13-06 


36-10 
36-66 
20-26 


27-86 
84 -SO 

17-10 


84-02 
17-16 
7-41 
18-86 


PsToentage  Tolumes  of  total  gi 
17  -S7        18-94        20-66 


88-86 
19-86 
1-68 
10-62 
18-72 


82-08 
17-99 
2-89 
10-79 

17-81 


28-18 
28-48 
14-20 
8-06 
11-17 
16-96 


Peroeatage  wei^htt  of  totel  guM. 


1-68 
1-OT 
12-64 
12-62 


34-46 
87-14 
1-48 
1-93 
13-63 
12-48 


■88 
■16 

40- 
81"< 

-8« 

l- 

■51i 

«-: 

■56 

12 'S 

88 -40 
37-26 
14-46 
9-80 
16-00 


27-83 
82-71 
12-04 
7-76 
18-00 
18-67 


86-00 

27-S6 
12-66 
U-10 
18-40 


29-16 
38-20 
10  64 
9 -26 
U-18 
18-69 


40-20  45-83  47  ■» 

80-98  28-78  28-92 

1-12  0-90  0-78 

8-86  4-66  8-46 

12-36  18-66  11 -M 

11  -48  11  -19  II  -04 


PieNure  in  tons  p«r  aqnsre  inoh. 
8-86        6-36        10-4  14-41        16-47        31-8  20-84        84-9  40-6 

FreMure  in  atmocpbere*. 
610-7      964-2      1688-3      2186 -6      2610-8      3277-4      8181-0      8320-0      8178-6 

Dmt6  of  lieat,  water  fluiij. 
896-1      869-8        887-8        928-3        931 -W      970 -3P      972-6      1021-4      1036-9 

Units  of  heat,  water  gsMoua. 
829'2      802-4        820-2        862  4        868-9        910-8        810-0        961-4        077  7 
Speoifio  beat, 
0-39772  0-28869    0-28871    0-33612    0-28664    0-28126    0-28201    022860      023828 

Tempeiaturcii  of  explosion.    Cenlograde. 
8488° -1     8861°-?    3486° -9      8647° -8    seST -7      8936°  2    8926° -1      4203° -9      4282° -0 

OomparatiTe  potential  energy. 
0-7S8B      0-7361      0-7230      0-7868      0-7488      0-7668      0-7S92      0-76S9      0-7686 
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If  the  figures  giTen  in  these  tables  be  carefully  examined,  it  will  be 
observed  that  for  the  three  explosives  the  transfonnatioD  on  firing  appears, 
in  all,  to  follow  the  same  general  laws. 

Thus  in  all  three  there  is,  with  inoiease  of  pressure,  at  first  a  slight 
increase,  afterwards  a  steady  decrease,  in  the  volume  of  permanent  gases 
produced.  Ttua  increase,  in  the  total  gases,  is  much  less  marked  with 
cordite,  and  in  the  case  of  M.D.  and  nitro-cellulose  there  is  practically  a 
steady  decrease  in  Uie  volume  of  the  total  gases. 

In  all  three  exploeives  there  is,  with  increased  pressure,  a  large  increase  in 
the  volume  of  carbonic  anhydride,  and  a  large  decrease  in  the  volume  of 
carbonic  monoxide.  In  the  volume  of  hydrogen  this  decrease  with  increase 
'  of  pressure  is  very  great ;  while  methane,  the  percentage  of  which  with  low 
pressures  is  quite  insignificant,  very  rapidly  increases,  and  at  the  highest 
density  is  from  20  to  30  times  greater  than  at  the  lowest  density. 

There  are  some  variations  in  the  percentages  of  nitrogen  and  water  vapour, 
hut  on  the  whole  these  constituents  may  be  considered  to  be  nearly  constant. 

The  units  of  heat  developed  show  with  increased  pressure  a  slight  decline 
at  first,  but  aftArwards  increase,  and  somewhat  rapidly  at  the  highest 
preasurea. 

In  the  tables  submitted  it  will  be  observed  that  tiie  specifie  heats  and  the 
temperatures  of  explosion  have  been  given ;  but  with  respect  to  temperatures 
so  far  above  those  in  regard  to  which  accurate  observations  have  hitherto 
been  made,  the  figures  given  can  only  be  taken  as  provisionaL  The  specific 
heats  of  the  various  gases  have  been  taken  at  the  valnes  usually  assigned  to 
them.  Of  course,  it  cannot  be  assumed  that  these  specific  beats  remain 
unchanged  over  the  wide  range  of  temperature  necessary,  although  it  has 
been  found  that  the  specific  heats  of  some  permanent  gases  such  as  nitrogen 
and  oxygen  are  but  slightly  altered  up  to  800°  G. 

The  temperatures  of  explosion  which,  as  stated,  can  only  be  taken  as 
provisional,  have  been  obtained  by  dividing  the  units  of  heat  (water  gaseous) 
by  the  specific  heats;  althouKb  provisional,  they  can  safely  be  used  in  com- 
paring  the  temperatures  of  explosion  of  the  three  explosivea  The  tempera- 
tures of  explosion,  for  example,  of  cordite  and  nitro-cellulose  at  a  density  of 
0*20  may  tolerably  safely  be  taken  to  be  in  the  ratio  of  51  to  36. 

The  author  is,  from  other  considerations,  inclined  to  believe  that  the 
temperatures  obtained,  and  given  in  the  tables,  are  not  very  &r  removed  from 
the  truth.  He  tried  with  cordite  to  confirm  the  results  by  using  the  equa- 
tion of  dilatabllity  of  gases ;  at  the  high  pressures  the  results  were  satisfactory, 
but  quite  the  reverse  at  the  lower  densities. 

The  comparative  approximate  potential  enei^es  are  obtained  by  multi- 
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plying  the  volume  of  g&s  prodaced  by  the  temperature  ot  explosion.  The 
means  for  the  three  explosivee  are  respectively :  cordite,  0*9762 ;  M.D.,  0'8387 ; 
nitro-cellulose,  07464  The  highest  potential  energy  (taken  as  unity)  it  will 
be  noted  was  obtained  from  cordite  at  a  density  of  0'6. 

It  is  submitt«d  that  the  wide  differences  in  the  transfonnation  of  the  three 
explosives  with  which  the  experiraente  have  been  made,  justify  the  general 
conclusion  at  which  Sir  F.  Abel  and  the  writer  arrived  in  the  year  1874,* 
with  respect  to  gunpowder,  viz.,  that  any  attempt  to  define  by  a  chemical 
equation  the  nature  of  the  metfunorphosis  which  one  explosive  may  be 
considered  to  undergo  would  only  be  calculated  to  convey  an  erroneous 
impression  regarding  the  definite  nature  of  the  chemical  results  and  their 
■uniformity  under  different  conditions.  ' 

The  paper  continaes  with  a  description  of  the  experiments  made  to  deter- 
mine the  time  required  for  the  complete  ignition  of  certain  explosives,  and 
also  other  experiments  to  determine  the  rate  at  which  the  exploded  gases  part 
with  their  heat  to  the  walls  of  the  vessels  in  which  they  are  confined ;  and 
in  concliision  it  is  pointed  out  that  the  experiments  made  on  erosion,  with  the 
three  explosives  i-eferred  to  in  tliis  paper,  and  with  some  other  explosives, 
have  satisfied  the  author  that  the  amount  of  absolute  erosion  is  governed 
practically  entirely  by  the  heat  developed  by  the  explosion.  It  had  been 
thought  that  pressure  would  considerably  increase  the  effect  of  erosion,  but  in 
experiments  carried  on  with  cordite  and  nitro-cellulose  under  pressures 
varying  from  5  tons  to  32  tons  per  square  inch,  the  erosion  was  practically 
entirely  independent  of  the  pressure  both  for  the  cordite  and  nitro-cellulose. 
The  results  of  these  experiments  are  graphically  given  in  a  plate. 

*  'Phil.  Trana.,'  A,  vol.  163,  p.  86. 
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The  Analogy  bettoeen  Lesag^s  Theory  of  Orcvvitation  and  the 

Repulsion  of  Light. 

By  G.  H.  Barwdi,  KB.S.,  Flumian  Prufessor  and  Fellow  of  Trinity  College, 

in  the  Univeraity  of  Cambridge, 

(Received  May  2,— Bead  May  18, 1905.) 

I  am  not  aware  that  anyone  has  taken  the  trouble  to  work  oat  Lesc^'s 
theory,  except  in  the  case  where  the  particles  of  gross  matter,  subjected  to 
the  bombardment  of  ultramundane  corpuscles,  are  at  a  distance  apart  which 
is  a  large  multiple  of  the  linear  dimensions  of  either  of  them.  Some  years 
ago  I  had  the  curiosity  to  investigate  the  case  where  the  particles  are  near 
together,  and  having  been  reminded  of  my  work  by  reading  Professor 
Foynting's  paper  on  the  pressure  of  radiation,*  I  have  thought  it  might  be 
worth  while  to  publish  my  solution,  together  with  some  recent  additions 
thereto. 

It  a  corpuscle  of  mass  m  moving  with  velocity  «  impinges  on  a  plane 
surface,  so  that  the  inclination  of  its  direction  of  motion  before  impacc  to  the 
normal  to  the  surface  19  3,  it  communicatee  to  the  surface  normal  momentum 
Jemv  cos  ,9,  and  tangential  momentum  k'mv  sin  3 ;  where  £  is  1  for  complete 
inelasticity,  and  2  for  perfect  elasticity,  and  A'  is  0  for  perfect  smoothness  and 
1  for  perfect  roughness. 

In  the  following  paper  the  effects  are  investigated  of  the  bombardment  by 
Lesagian  corpuscles  of  two  spheres,  which  are  taken  to  be  types  of  the  atoms 
or  molecules  of  gross  matter.  The  efiects  of  the  normal  and  tangential 
components  of  the  momentum  communicated  by  each  blow  from  a  corpuscle 
will  be  treated  separately. 

§  1.  !rhe  Normal  Component  of  the  Impacts. 

Suppose  that  there  are  in  space  n  corpuscles  per  unit  volume,  moving 
indiscriminately  in  all  directions  with  velocity  v;  let  the  mass  of  each 
corpuscle  be  m,  and  p  the  density  of  the  medium,  so  that  p  =  mn. 

Suppose,  further,  that  the  corpuscles  are  so  small  that  collisious  between 
them  are  rare  enough  to  be  negligible.  The  system  thus  described  is  that  of 
Lesage's  mechanism  for  explaining  gravitation,  provided  that  the  corpuscles 
are  not  perfectly  elastic 

*  '  Phil.  Trans.,'  A,  vol.  SOS,  pp.  5S5— KfiS.  I  have  hod  the  advantage  of  coireeponding 
with  him  on  the  present  subject. 
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As  stated  in  the  introductor;  remarks,  when  any  corpuscle  strikes  a  pluie 
surface  at  each  an  angle  that  .9  is  the  inclmatioD  of  its  motion  before  impact 
to  the  normal  to  the  plane,  it  communicates  to  the  plane  normal  momentum 
hmv  cos  3,  wliere  fc  is  a  factor  lying  between  1  and  2,  being  1  for  perfectly 
inelastic  corpuscles,  ivnd  2  for  perfectly  elastic  ones. 

If  two  bodies,  A  and  .B,  are  exposed  to  the  bombardment  of  corpuscles,  the 
Lesagian  attraction  between  them  will  vanish  if  the  corpuscles  are  perfectly 
elastic,  because  the  corpuscles  reflected  between  A  and  B  will  on  the  whole 
cause  such  a  repulsion  between  the  bodies  as  exactly  to  counterbalance  the 
attraction. 

But  in  the  present  investigation  we  shall  only  consider  those  corpuscles 
which  come  from  infinity,  and  pay  no  attention  to  their  behaviour  after 
impact  on  the  surfaces  of  A  and  B.  This  can,  I  suppose,  be  only  completely 
justified  when  the  corpuscles  are  perfectly  inelastic 

If  the  velocity  of  each  of  the  n  corpuscles  in  unit  volume  be  represented 
by  a  vector  drawn  from  a  centre,  the  ends  of  the  vectors  will  lie  equally 
spaced  on  the  surface  of  a  sphere  of  radius  v.  If  from  the  centre  of  the 
sphere  of  velocities  a  coue  of  small  solid  angle  im  be  drawn,  the  number 
of  corpuscles  per  unit  volume,  whose  directions  of  motion  fall  within  the  cone 
is  nSa/4^. 

Let  us  consider  the  pressure  on  a  surface  exposed  to  bombardment  On  the 
surface  drew  a  unit  area,  which  may  clearly  be  treated  as  plane,  and  let  5  be 
the  zenith  distance  of  the  axis  of  the  cone  ito.  On  the  unit  area  drew  an 
oblique  prism,  with  edges  of  length  v,  parallel  to  the  axis  of  the  cone  Sw ;  the 
volume  of  this  prism  is  v COB'S.  Hence  the  number  of  corpuscles,  whose 
directions  of  motion  fall  within  the  cone  Sa,  lying  inside  the  oblique  prism 
at  any  moment  is  nv  cos  S  Sw/^ir.  At  the  end  of  unit  time  elapsing  after  the 
moment  under  consideration  all  these  corpuscles  will  have  struck  the  plane, 
and  each  will  have  communicated  momentum  towards  the  nadir  equal  to 
kmv  cos  .9.  Thus  the  momentum  towards  the  nadir  communicated  by  this 
class  of  corpuscles  is  kmnv'  cos'  55(i>/4ir. 

Since  mn  =  p,  the  pressure  (or  momentum  towards  the  nadir  communicated 
per  unit  time  and  area)  is 

4x 
where  the  summation  is  effected  for  all  directions  whence  corpuscles  may 
oome. 

If  the  particles  may  come  from  all  over  the  sky,  the  summation  is  for  half  of 
angular  space,  and  S  cos'  SSw  =■  ftv.    Therefore  the  pressure  p  on  the  surface 


d  by  Google 


1905.]     Theory  of  Gravitation  and  the  Reptdsion  of  Light.         389 

If  we  put  k  =  2,  this  Ib  the  well-known  result  of  the  kinetic  theory  of  ga<]es. 
If,  however,  a  certain  cone  of  space  is  screened  off,  so  that  no  corpuscle  can 
come  from  thence,  the  pressure  is  given  by 

p  =  ^kpv'-h^  S  C08»  J&», 

where  the  summation  is  taken  over  the  screening  area. 

lu  fig.  1  let  the  origin  be  at  the  unit  area,  and  let  P  be  the  intersection  with 
the  celestial  sphere  of   the  normal  to  the  area ;  let  the  screen  be  circular 


round  the  Z  axis,  and  let  AA'  be  one  quadrant  of  the  screen.  Let  the  radius 
of  the  screen  be  a,  and  the  zenith  distance  (for  an  observer  standing  on  the 
unit  area)  of  the  centre  of  the  screen  be  8.     Then 

ZA  =  ZA'  =  «.  ZP  =  ^. 

Let  0,  ^  be  the  polar  co-ordinates  of  an  element  ain  $d0d<j>  of  the  screen 
at  Q,  80  that  the  Sco  of  the  formula  for  the  pressure  is  sin  ^  (fd  d^.  Also,  since 
the  S  of  the  formula  is  the  angle  PQ,  we  have 

C08.9  =  COS  6  COB  ^+ Bin  6  ain.  0  cos^. 
Hence,  taking  the  summation  over  the  area  of  the  screen, 


2v 


leoet'SSa 


~  9~  \    \  (**3^™^i^+8"i^8in(8cos^)*8infl(Wrf^ 
=  f'(coB»  e  COB*  ^  +  i  ain"  ^  Bin"  j3)  sin  fl  d^ 


[(I  co8>  j8- J)  cos*  ff -f- J  8in»  ;8]  si 
J  (cob*  (8  COB  «  ain*  o + 1  +  J  cos' a 


-COB«). 


(1) 


p  =  Jipl?*— JApv*(c08*j8c08« 


a+l+icos"*— coaaj. 

2  R  2 
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Now  let  there  be  two  spheres  exposed  to  bombardment,  a  sphere  A  with 
radius  a,  and  a  sphere  B  with  radius  b ;  and  let  £  be  the  distance  between  their 
centres.  As  stated  in  the  introduction,  A  and  B  are  meant  to  typify  atoms  or 
molecules  of  gross  matter. 

Let  an  element  at  F  of  the  sphere  A  be  determined  by  colatitude  8  from  the 
axis  BA,  and  by  longitude  ^  measured  from  some  fixed  plane  passing  through 
B A,  and  let  the  element  be  expressed  l^  a'  sin  0  d6  d^. 

This  element  is  screened  by  the  sphere  B,  and  therefore  the  screen  is 
circular.  The  semi-angle  of  the  scieeaing  cone  was  denoted  above  by  a,  and 
the  observer's  zenith  distance  of  the  axis  of  the  screening  cone  was  ff. 


If  then  we  denote  the  distance  PB  from  the  element  to  the  centre  of  the 
sphere  B  by  r,  we  have  from  fig.  2, 

Bin  «  =  -  ,    am  0  as  —  sin  S,    coeB  = , 

r  r  r 

t^=  B*+fl*— 2iZacosft 

It  is  to  be  noted  that  9  has  not  the  same  meaning  as  that  used  in 
evaluating  (1). 

If  the  angle  QPA  is  obtnse,  the  whole  of  the  sphere  B  is  visible  to  &e 
observer  at  P.  This  case  wiU  be  considered  first,  and  afterwards  those  r^ons 
on  the  sphere  A  from  which  B  is  partially  below  the  horizon  of  the  observer. 

We  want  to  evaluate  the  total  resultant  force  on  the  sphere  A,  due  to  the 
pressure  on  all  its  elements,  in  the  direction  A\jo  B.  As  far  as  concerns  the 
element  under  consideration,  the  resultant  force  in  the  required  direction  is 
—p  cos  6 .  a'  sin  0  40  d^.  In  order  to  determine  the  whole  of  that  portion  of 
the  resultant  which  is  due  to  pressure  on  the  portions  of  A  from  which  B  is 
completely  visible,  this  expression  will  have  to  be  integrated  from  0  =  2ir  to 
0  =  0,  and  from  cos^  =  (a+b)/£  to  cos  0  =  1 — that  is  to  say,  from  the 
colatitude  in  which  ^  just  begins  to  set  until  5  is  in  the  zenith. 

The  constant  part  of  the  expression  for  the  pressure,  namely,  ^kp^,  is  the 
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same  all  round  the  sphere,  and  it  cannot  contribute  anything  to  the  resultant 
force ;  hence  it  may  be  omitted. 

Since  the  expression  for  the  pressure  does  not  involve  0,  the  int^^tion 
with  respect  to  0  simply  introduces  the  factor  2ir.  Thus  ihe  reeultont  force 
estimated  towards  £,  in  as  far  oB  it  is  due  to  the  elements  from  which  B  is 
wholly  visible,  is 

iw/;/»aVj[c08*  0co8»w.a'a  +  i-t\eo^a—coaci\c(a6sin0d$, 

where  the  limits  of  ^  are  cos~'  ( — ^)  »°<1  0. 

This  expression  may  be  int^^r&ted  rigorously,  but  it  would  not  be  expedient 
to  do  so,  because  the  result  is  very  compUcated,  and  because  I  have  failed  to 
obtain  a  rigorous  integral  for  the  remainii^  portion  of  the  complete  expreesion, 
namely,  where  B  is  only  partially  visible. 

It  will  now  save  trouble  if  we  omit  the  factor  ^vkpa^  and  reintroduce  it 
later,  and  if  besides  we  choose  S  as  our  unit  of  length. 

Hence  we  have 

8ina=-,     8in^  =  -8intf,     coaff  = '^^"'^ ,     r*  =  l  +  a'-2acos^, 

and  the  limits  of  0  are  coa~^(a+b)  to  0. 

Cos  a  can  be  expanded  eonvergently  in  powers  of  b/r,  so  long  as  the  two 
spheres  do  not  actually  touch,  and  we  easily  obtain 

Bin".0O8«=-j3-}-ji-J-j3— Hf-^-.... 
also 

Hence  the  ictegtal  becomes 
f/^_j^-J^...Voo»"e-2acoe«+a>)co8»8m»ie 

+  Ji'((^+i^+A^  ■■)  co.»8in»i«. 
Now  r"  =  (1  +  «>)  (l  — j^,  cos  «) . 
If,  then,  we  write 


we  have  r' =  (l+a')(l-^,co8e). 
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Whence 

Integrating  between  the  appropriate  limits,  we  6nd 

It  will  be  observed  that  the  saffixes  of  the  Bi  and  of  Ai  indicate  their 
orders  in  the  powers  of  IfR. 

This  formula  may  be  applied  to  each  term  of  the  preceding  int^rals,  so 
that  the  result  may  be  obtained  in  terms  of  Ai  and  B^^ 

The  several  terms  must  then  be  expanded  in  powers  of  a',  and  terms 
restrained  in  their  several  orders. 

After  some  tedious  analysis  I  find,  on  reintroducing  R,  which  was 
treated  as  being  the  unit  of  length,  the  following  result  as  far  as  the  ninth 
order : — 

This  formula  gives  the  force  on  the  sphere  A  towards  £  in  so  far  as  it  is 
produced  by  the  oormal  component  of  the  bombardment  on  those  parts  of  A 
from  which  B  is  completely  visibla  It  remains  to  investigate  the  regions 
whence  B  is  only  partially  visible. 

In  fig.  3,  as  in  tig.  1,  let  the  or^in  be  at  a  unit  area  on  sphere  A,  and  let  P 
be  the  intersection  of  the  normal  to  the  area  with  the  celestial  sphere.  Then 
if  PC  is  a  right-angle,  CY  will  be  the  horizon  which  bounds  the  screen.  Let 
Z  be  the  axis  of  the  screening  cone,  and  DB£  the  cone  itself.  As  in  the 
previous  case,  the  semi-angle  of  the  cone  is  denoted  by  «,  and  PZ  is  /9. 

The  half  of  the  screen  which  is  shown  in  the  figure  is  CBEZ. 

If  Q  be  any  point  in  the  screen,  the  pressure  on  the  unit  area  on  the 

sphere  A  is  i-a-j  _ 

*^  J4p«»-^Eco8'PQrf». 
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the  summation  being  carried  out  over  tbe  whole  screen.  As  before,  we  may 
neglect  the  constant  part  of  the  expression  for  the  pressure. 

In  this  figure  more  than  half  the  sphere  S  is  visible,  and  the  case  when  less 
than  haU  is  visible  will  be  treated  subsequently. 

If  0,  ^  are  tbe  polar  co-ordinatee  of  Q, 

where  tbe  int^ral  is  taken  over  tbe  lu'ea  CBEZ  and  the  other  halt  not 
shown  in  the  figure. 

The  area  of  int^p^tiou  may  conveniently  be  divided  into  two  parts — viz., 
the  part  inside  the  dotted  circle  and  tbe  part  between  GF  and  BE. 

The  part  of  the  result  corresponding  to  tbe  dotted  circle  may  be  obtained 
at  once  from  our  previous  result  (I),  for  CZ  tbe  radius  of  the  cone  is  equal  to 
^9—0,  and  therefore  the  result  is 

I  {coB*j38in^+|+iiunBj3-8inj3). 

For  the  remaining  portion,  take  the  limits  of  integration  so  as  only  to 
include  CBEF ;  then  doubling  the  preceding  formula,  so  as  to  permit  us  to 
halve  the  range  of  <fi,  we  write  the  integral  in  tbe  form 

-[f(cos'^coB'^+Jsin>tfsin"^+lsin>tfsin>j8cos2^ 

+  2  sin  i9  cos  I?  Bin  f8  cos  ^  cos  ^)  sin  ^  f^l?  (^. 

If  R  is  any  point  on  tbe  boundary  CB  in  colatitude  6,  its  longitude  ^  is 
equal  to  ir—CZR ;  also  CZ  =  iv—ff.  Then  from  the  right-angled  spherical 
triangle  CZR  we  have 

cos^=  — cotjScotd. 

Thus  tbe  limits  of  ^  are  cos~*[— cot /Scot  d]  to  0;  and  the  limits  of  0  are 
« to  tw— /9. 
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At  the  upper  limit  of  ^  we  have 

Integratii^  with  respect  to  ^,  we  obtain 

H(eoa>tfco6'^+iBin>«8in>yS)co9-'(-cot;9cot(9)rf5 

-  J-  f  cos  /S  cos  fl  v^(Biii»  tf  -  cos*/3)  sin  ^  d^ 

+ -  f  cos  ^  cos  ^  v'(8in*  ^  -  co6>  )9)  sin  ^  d^. 

The  last  two  terms  involve  the  same  integral  and  only  differ  in  the  coeffi- 
cients ;  they  therefore  fuse  bother  with  a  coefficient  3/2'ir. 
The  whole  may  now  be  written 

-ifco8-'(-cot(8cot^)^[ico8'5(|coB»>9-i)+iflin''/9co8^]dtf 

+  ^  [sin  tf  cos  tf  cos  (3  y(sin' d— 008*18)  (W. 

The  last  term  is  a  perfect  integral,  and  the  first  may  be  integrated  by 
parts.    Effecting  this,  I  find  that  the  indefinite  int^ral  of  the  whole  is 
_J.cos^[eos»tf(eos>^-i)+8in>j8]eoa-»(-cot^cot^)  +  ^sin-»-2??^ 

Then  taking  the  expression,  between  limits,  and  adding  the  part  com- 
sponding  to  the  dotted  circle,  we  have 

i  sin/S  [sin>  ^(cos>j8-i)  +  8in»^] 

— =-  C08«[co8'«(cos*y3— i)  +  sin'(9]co8~'(— cot(8cot«) 

Av         sma     0 

+S^(Bin'«-i)v'(8in»  — cos»<8) 

+  J[co8*^sin^+|  +  i8in'(8-8in/3]. 
This  expression  admits  of  reduction,  and  it  gives 

^2cos>PQ8a=^— ^cos«[|-l-Bin'«(4^-c08"^)]eos-H— cotjScottf) 


-iCOSfl 


(3) 
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The  pressure  is  the  same  qnantity  multiplied  by  \kpi?. 

Id  the  case  when  less  than  half  of  the  sphere  B  is  visible,  the  dotted  circle 
vanishes.  It  appears  that  at  the  upper  limit  d  =  a  at  the  lower  6  =  ^—\it  ; 
the  angle  co8~*(— cot  yS  cot  d)  is  the  angle  ^  at  the  point  C,  and  therefore 
vanishes ;  and  at  the  same  point  sin"'  -^—^  is  equal  to  —Jr.    It  is,  then 

easily  verified  that  the  formula  (3)  holds  good,  and  we  may  therefore  apply  it 
both  when  more  and  when  lees  than  half  of  £  is  visible. 

If  j»  is  the  pressure  as  given  by  this  formula,  and  a'  sinB^d^  is  the 
element  of  area  of  the  sphere  A,  the  component  of  pressure  in  the  direction 
AB  is  ~p cos 0, a' Bin  $d0d)^  This  lias  to  be  integrated  over  the 
"  sunset "  r^on  of  the  sphere  A.  The  int^ration  witii  respect  to  ^  is 
eSected  at  once,  and  we  are  left  with 

—  2im*j  p  sin  0  cos  0  d0, 

integrated  from  0  =  cos"'  ^^^  to  ^  =  cos"' 
coB~^(a  +  b),  when  B  is  taken  as  the  unit  of  leugth. 

We  have  accordingly  to  multiply  (3)  by  irlcpahP  tixiOcmBdB  and  integrate 
it  from  0  =  COS"' (o— ft)  to  cos"' (a +  6). 

I  have  not  been  able  to  effect  the  integration  rigorously,  and  shall  not  give 
the  full  details  of  the  tedious  analysis  involved  in  the  approximftte  int^ration. 

It  is  convenient,  in  the  first  place,  to  change  the  independent  variabl& 

Putting  then  sin  ^  = ^ ,  so  that  the  limits  become  +4ir,  we  have 

K.n0<X)a0d0  =  (ffftcoB^— ft*sin  ^cos'^)rf'^, 

r*=  1— a>+2a68in^,  cos/3  =  — w.n^=  —sin  etsin'^, 

so'hat  _8in"'^,      v/(8in»a-cos»;8)=  ?^^. 

'  sm «  ^  '      cos  a 

If  we  drop  the  factor  wkpah^  temporarily,  it  will  be  found  that  the  subject 
of  int^piation  may  be  written  in  the  form 

i6*(l+2a=^(i  +  sin^^)-|J«(8in^-il)+?ai«^Bia^(i-(-8in*^) 

+  i- at*  sin*  ^  cos  1^  (2  sin' -^  + 13). 
-aft>sin-f(i+Bin»^)-A^{6i(l, 
-2|- JHl  +  2aS)  sin  ^  cos  ^  (2  sin"  ^  + 13) 

+  g-  8in^cos^(J  +  |8iu'^— ^sin*V). 

multiplied  by  (aj  cos  ^  -  6*  sin  ■^  cos  ■^)  d^. 


aft>sin^(i+Bin»^)-ij^^{6i(l  +  2aS)(i  +  ain»^)-Jfi«(8in»^-|)} 
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Thirst  two  lines  of  the  first  factor  are  even  functionB  of  -^,  and  the  last 
three  lines  are  odd  functions ;  the  first  term  of  the  second  factor  is  even,  and 
the  second  term  is  odd.  Then  since  the  Umite  of  ^  are  +^,  it  follows  that 
we  need  only  multiply  the  first  two  lines  of  the  first  factor  by  ah  ixa-^d-^ 
and  the  last  tliree  lines  by  —  b' sin  ^  cos  ^  t^-^.  All  the  int^rals  involved 
are  then  known,  viz. ; — 


2 
'2»+l' 


I      ein^  ^  cos  -^  d-^ 

^  ain  -^  COS  ^  rf^     =  -^, 
-1-  * 

r  ^sin'^rcos^d^  =  ^' 

r  8in»-^C08*-^rf^   =      (2»-l)(a"-3)...3.1 
\_^       ^  ^^       (27ft+27i)(2m+2n-2)...2 

By  means  of  these  I  find  that  the  component  force  on  the  sphere  A  from 
A  towards  B  due  to  this  pressure  is 

K*p'^{-^(lo+Al')  +-^(J«'+V«'»+1i«»"-«»')}- 

Now  on  comparing  this  with  the  expreasion  for  the  first  part  of  the  force 
in  (2)  we  see  that  it  exactly  annuls  the  terms  of  the  sixth  and  eighth  orders; 
and  we  may  feel  confident  that  the  term  of  the  tenth  order  would  be 
similarly  annulled.  The  result  is  of  so  simple  a  character  that  it  must 
surely  be  possible  to  prove  it  in  some  shorter  way.  However  this  may  be, 
our  final  result  for  the  resultant  force  on  A  towards  B,  which  I  may  call 
F^,ia  given  by 

F>  =  Mp-^-i  l  +  iTg+      \n^m    ^+^ m^ 


+;J(iftV^+A^**='+f«'6*  +  *6')}-  (*) 


We  may  observe  that,  aa  a  roi^h  approximation, 

B7  symmetry  the  full  expression  for  the  fotce  on  B  towards  A  is 

u        ,_,.  »'»»'i'  r,  ,  8i   ,  «i.(4y+7»')  ,  i(8t'  +  36a^+21»')  .      \ 
*.-i'*P-^|I  +  jjj+      \g^jp      +^ 155^ +  -J-. 

In  considering  the  excess  of  F^  above  F^ ,  it  will  suffice  if  we  drop  the 
terms  of  the  seventh  and  ninth  orders,  since  the  reader  will  easily  be  able  to 
extend  the  result  if  he  desires  to  do  so. 
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It  follows,  therefore,  that,  as  the  result  of  the  Dormal  component  of  the 
bom  bard  ment,  the  larger  sphere  is  more  strongly  urged  towards  the  smaller 
than  the  smaller  towards  the  lai^r. 

§  2.  The  Tangeniial  Component  of  the  Impacts ;  E^eU  of  both  Components 
together. 

When  a  corpuscle  m  strikes  a  plane  surface  bo  that  S  is  the  inclination  of 
its  motion  before  impact  to  the  normal  to  the  plane,  the  tangential  component 
of  its  momentum  is  mv  sin  $,  and  it  communicates  to  the  plane  tangential 
momentum  equal  to  A^mvsin^,  where  k'  lies  between  0  and  1,  being  1  for 
perfect  roughness  and  0  for  perfect  smoothness  of  the  surface. 

Following  a  procedure  exactly  similar  to  that  adopted  previously,  we  see 
that  the  corpuscles  whose  direction  of  motion  before  impact  lie  in  a  small 
cone  of  solid  angle  Sen  communicate  a  tangential  force  to  the  plane  equal  to 

^sin3co8  5S<». 

Let  I,  m,  n  be  the  direction  cosines  of  the  normal  to  the  plane  bombarded, 
and  I',  m',  n'  the  direction  cosines  of  the  axis  of  the  cone  Sw.  Then  the 
direction  cosines  of  the  projection  of  the  asis  of  the  cone  on  the  plane,  which 
is  identical  with  but  opposite  in  direction  to  that  of  the  tangential  force 
communicated  to  the  plane,  are 

I'—lco&B        m'—m  cos  3        n'—ncosB 
sin^      '  sin^        '  sin  3 

Hence  if  X,  T,  Z  are  the  components  of  the  force  thus  imparted  to  the 
plane  by  the  bombardment, 

X  =  — —  A'/H;*2eo6  3(/'— /cobA)^*,  F  =  — t- A'p»''Xco8.9()n'— ■mcos5)Sa, 
Z=  —j-k'(n^coiB{n'—n(MiS)i<o, 

where  the  summations  are  carried  out  over  all  the  directions  from  whence 
corpuscles  arrive  at  the  plane. 

If  corpuscles  come  from  all  over  the  sky,  X=Y=Z=(i;  hence  the 
forces  are 

X-. , 

where  the  uummations  are  carried  out  over  the  screenii^  area. 

,i.e=byG00Qlc 
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In  fig.  1  the  directioD  coaines  oF  the  Qormal  to  the  bombarded  surface  are 
Z  =  siu  fS,         m  =  0,        n  =  cos  j3 ; 
and  I'  =  asi0eoa^,        m'  =  sin  tf  sin  0,        n'  =  cos  d ; 

C0B.9  =  cos  ^  COB  ^ + Bind  sin  ^  COB  ^. 
The  limits  of  integration  are 

0=2irtoO,         0  =  atoO,     and     Su  -  sin  0  (M  t^. 
Therefore 

a  0  cos  ^  (coa  d  COS  f8  +  ain  d  sin /3  coe  ^) 

— sin  ^  (cos  0  cos  0  +  anSa.nff  cob^)*]  aiaddS  d^, 
r  =  ^  A'pw^  p  ("sin  ^  sin  ^  (cos  5  cos /9 -J- sin  ^  sin /3  cos  ^)  sin  5  rf5  rf^, 

.2  =  ^  A'pir"  f  "  f '[cob  ^  (cos  5  coe /9 + Bin  ^  sin  ^  cos  ^) 

— C08y3(cos^co8^+8in^8in^cos^)^8in(?rftfrf^. 

Integrating  with  respect  to  ^,  we  find 

X  =  ^k'pv'  sin  /3  cos*  ff  p(l  —4  cos'  ^)  Bin  6  d0 

=  —  It'po^sin^coB^^sin'acoso^ 
F=0, 

^=  JAV8in>^cosySf"(fco8»5-l)sinflrf^ 
Jo 

=  Ik'pv^  sin*  /3  COB  /3  sin*  «  cob  a. 

In  fig.  2  P  is  at  the  bombarded  element  of  surface,  and  is  the  origin  of 
fig.  I ;  then  we  take  FB  as  the  axis  of  Z,  and  the  dotted  line  PX  as  the  axis 
of  <f.    Accordingly  the  component  force  in  the  direction  ^  to  .8  is 

^eo6(/3-5)+Xsin(j3— ^)  =  Jii:'/TO*8in;8ooB/9Bin*acos«Bin^.        (5) 

The  element  of  surface  at  P  ia  a*  sin  0  dd  d^,  and  it  is  to  be  noted  that  0  is 
used  in  a  difierent  sense  from  that  employed  in  evaluating  X,  Y,  Z. 

Hence  the  total  force  on  the  sphere  A  from  AVi  B,  due  to  the  tangential 
component  arising  from  the  bombardment,  for  all  those  parts  of  A  from  which 
B  is  wholly  visible,  is 

^k'pi^a'  1 1  sin  ;8  cos  yS  sin*  a  cos  «  sin  ^ .  sin  0  dd  d^, 

the  limits  of  ^  being  2n-  to  0,  and  of  0  from  cos~>  (a  +  h)/E  to  0. 

The  integration  for  ^  involves  only  multiplication  by  27r. 

As  before,  I  take  temporarily  It  as  unit  of  length,  so  that  the  Umits  of 
5areco8"'(a  +  i)to  0. 
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Then 
8in*acoB«  =  ;j—i-«— *;(■■■ .       8m/9co8j3  =  -^BmO(cQad—a). 

Hence  the  int^ral  becomes 

}»f^«'|(?-i^-i?...)8m>ei»osfl-a)de. 

If  we  ase  the  same  abbreviations  as  before  in  the  development  in  inverse 
powers  of  r,  and  note  that 

]  (m  +  2)(m+4)        m  +  2  m+4 

we  GdcI 

(.+  l)(»4.2)(«+3)    2     ^. 
31  6.7 

(»  +  >)■    (n  +  1)  (»+})'■      (»+l)(m-2)  (»  +  >)*  ., 

2  II         3  21  4         ' 

.(»+ty    (»+l)  (»+»»,     (.+l)(.-f2)  (»+ty  .  , 
+      4^+     II         6     /■  + 21  6      ^' 

(»+t)      (.1+1)  (a  +  i)*,      (»+l)(»+2)  (»+>)•  . 
1  II         2  21  3         ■ 

(g+t)-    fr+1)  (»+»*         (»+l)(.+2)(»+}l'     , 

3  1!  4         '  21  5         ' 

These  formnUe  may  be  applied  to  each  term  of  the  integial,  aod  the  result 
is  thus  obtained  io  terms  of  Ai  and  B^a.  We  next  expand  these  in  powers  of 
a',  and  rearrange  the  result  in  their  several  orders.  Finally  OD  reintroducing 
R  I  iiud  the  following  result ; — 

.    „  «W  r, 8     «      4»(4<H-Ti)    »(8a'  +  36»'i'+21f) 

*'  '    B?    I      3.5  R       3.5.7Ji>  3.5.7Ji' 

-|j  (iftflr  "'  + A"'** +♦«■»'  + W 

-»|,-^(K+»»»-V»^-|l(K+¥»'»+-fi<'"»'-t!«»'+AJ')}. 

(6) 
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This  gives  the  force  ou  the  sphere  A  towards  £  as  arising  from  the 
tangeotial  conipoiient  of  the  impacts,  in  so  far  as  it  is  due  to  those  parts  of 
A  from  which  £  is  completely  visible.  It  remains  to  consider  the  r^ons 
whence  B  is  only  partially  visible. 

By  proceeding  in  the  same  way  as  before  I  find,  for  the  portion  of  the 
result  which  does  not  involve  that  part  of  the  screen  which  is  represented  by 
the  dotted  circle  in  fig.  3,  after  the  int^ration  with  respect  to  ^, 

J's  ^-k'pv'i*     [8in^cos»^(J-j^cos>fl)cos->(,— cot/9cot^) 

+  cot  y9  (i  — 1 8in»  fl>  cos  ^v^(8in' 5  -  cos*  (9)]  sin  (?  rfft 

Z=  i-i'pw»p      [Bin»^0O8yS(^coa»e-i)co8-'(-cotacotd) 
^  ii'-f  .       _  _  .  _  .  _  _  _ 


The  last  terms  in  each  of  these  expressions  are  int^rable  as  they  stand, 
and  for  the  first  terms  of  each 

[(Jcoe'^-J)cos-'(-coty9cot^(W 

=  J  8in»^co8^co8-'(coty9cot^ +i  co8/9v'(8in>^-co8>j8). 

In  proceeding  to  the  limits,  it  is  to  be  noted  that  cob"'(— cotyScottf)  is  w, 

when  6  =  Jir— y9.     Thus  after  integration  we  shall  have,  for  that  portion 

which  depends  on  the  term  involving  C06""'(— cot^cotfi),  when  ff  =  Jir— A 

J=  +-!*'«;>.  ^8in»y9 COB* /S,        Z=  -^k'pv'.'^ma'ffcof/'ff. 
2ir  Z  Mt  & 

Now,  since  the  resaltant  force  is  given  by  ^cos  (/3— 5)  +  X8inO— ^),  this 
portion  of  the  resultant  is  equal  to  —  J  A'/wi'sin'yScos'/Ssin^,  where  6  has 
the  meaning  indicated  in  fig.  3. 

The  force  due  to  the  portion  of  the,  screen  represented  by  the  dotted  circle 
is  given  by  the  result  (5),  namely  ^'p^  sin  j3  cos  j9  sin  *  «  cos  a  sin  6,  when  « 
is  put  equal  to  ZC,  which  is  equal  to  \ir—^ ;  it  is,  therefore,  equal  to 
^i'/M.-'sia'fScos'ySsin^,  and  exactly  annuls  the  term  referred  to  above  as 
resulting  from  the  term  in  oo8"'(— cotjScotfl)  with  6=  \n—^.  Thus  I 
find  that  the  complete  values  for  X  and  Z,  inclusive  of  the  dotted  circle,  are 
given  by 

X=^  k'p-^  {  — sin  /9  cos^  yS  sin*  a  cos  «  cob"*  (— cot  yS  cot «) 

+  icot/9[Bin»«— C08>/9— 38in*«sin»^]v^(8in»a-co8*^)} 

Z  ^  —  k'pt?  I  +  sin*  ^  cos  /9  sin* «  cos  «  cos"*  { —  cot  j9  cot  o) 

-iEsin***— co8»^— 3  8in'«ffln»y9]v/(Bin»«-co8*^)}. 
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These  formolse  may  be  shown  to  be  equally  true  of  the  case  where'less 
than  half  of  £  u  visible,  and  they  are  therefore  applicable  thtoughout  The 
component  force  of -^  towards  5  is  equal  to  ^co8(/3— ^)  + JrBin(j8— 5),  and 


^  A'/TO*  {sin  ^coB0  sin'  «  cos  «  sin  tf  cos"'  (— cot /S  cot «) 

_-S2^[Bin»«-coff'y3-38in»«sin»/3]^(Biii»a-coe»^)}. 

In  thia  formula  6  is  used  in  the  sense  indicated  by  fig.  3. 

This  expression  has  to  be  multiplied  by  a'u.u.$d0d<lt,  and  integrated  from 
0  =  2irto0,  and  from  5  =  co8"'(a  — J)/^  to  cos"'(a  +  ft)/S.  The  integration 
with  respect  to  0  merely  involves  multiplication  by  2ir.  For  the  int^ration 
with  respect  to  d,  I  change  the  variable  to  ^,  and,  as  before,  develop  the 
expression  and  effect  the  various  int^rations. 

The  final  outcome  of  some  tedious  analysis  is  that  the  result  is  the  same  as 
the  last  three  terms  of  (6)  with  the  sign  changed.  Hence,  when  we  add  this 
contribution  to  the  force  to  (6),  those  diree  terms  simply  disappear. 

Thus  the  tangential  component  of  the  impacts  give  as  a  resultant,  say 
Y'a  ,  acting  on  the  sphere  A  towards  B, 

v         i_v  ^^a'^fi       6     «      4fl(4a  +  7ft)    a(8a«  +  36a^+216*) 


iP    l       Z.5  R       3.5.7J^  3.5.7.H* 

Aa  a  rough  approxiiaatioD  we  have 


m 


If  we  form  Vs.  or  the  force  actii^  on  the  other  sphere,  it  is  clear  that 
¥'a  —  F'j  has  a  form  similar  to  that  found  previously  for  F^  —  F^  but 
it  has  the  opposite  sign.  Hence,  as  the  result  of  the  tangential  component  of 
the  bombardment,  the  lai^r  sphere  is  less  strongly  urged  towards  the 
smaller  one,  than  the  smaller  towards  the  latter. 

On  comparing  (7)  with  the  result  for  F^  in  (4),  we  see  that  th^  only 
differ  in  the  signs  of  all  the  terms  after  the  first,  and  in  the  fact  that  k' 
replaces  k.  The  result  is  of  so  simple  a  character  that  it  is  probable  that  it 
may  be  derived  by  some  elementary  considerations  which  escape  me. 

Tbns,  including  both  the  tangential  and  normal  components,  we  have 

(8> 
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In  the  Ottsa  where  the  momeDtum  of  the  impinging  corpuscles  is  completely 
absorbed  by  the  surface  struck,  we  have  k  =  k'  ss:\,  and  the  force  is 


Ivp 


2?   ■ 


Thus,  in  this  case  the  force  varies  rigorously  as  the  inverse  square  of  the 
distance.  No  doubt  this  simple  result  may  be  proved  much  more  shortly  in 
the  case  of  the  complete  absorption  of  the  momentum  of  impacts.*  In  any 
oUier  case  the  result  can  only  be  regarded  as  approximate,  because  we  have 
n^lected  reflected  particles.  But  in  general  it  seems  certain  that  the  inter- 
action between  the  two  spheres  will  not  be  equal  and  opposite. 

§  3.  Bepulawn  of  Sadiaiion. 
When  the  Lesagian  corposcles  deliver  their  whole  momentum  on  impact, 
we  have  the  exact  converse  of  the  case  of  radiation,  for  in  the  one  case  we 
consider  all  the  particlea  which  converge  on  to  a  given  element  of  surface, 
and  in  the  other  case  they  all  divet^.  A  corpuscular  theory  of  light  would 
give  the  same  result  as  the  electro-magnetic  theory  as  regards  repulsion  ;  hence 
we  see  that  two  radiating  and  perfectly  absorbing  spheres  at  the  same 
temperature  will  repel  one  another  rigorously  as  the  inverse  square  of  the 
distanc&t    The  case  of  a  perfectly  reflecting  sphere  which  receives  radiation 

*  Such  a  proof  is  gWea  in  a  note  to  the  following  section. 

f  [Jane  23,  1905.)  Frofeasor  I^rmor  hu  giwa  me  a  direct  proof  of  the  above  reault. 
This  I  paraphrase  in  mj  own  words  as  follows  :— 

A  sphere  radiating  from  its  surface  in  the  manner  of  a  perfect  radiator  maj  be  replaced 
by  a  unifonn  distribution  of  radiatiuj^  apheniles  inside  it,  if  we  suppoee  the  radiations 
from  the  sevend  spherules  not  to  interfere  with  one  another.  This  follows  from  Uie  fact 
thnt  the  radiation  issuing  towards  any  zenith  distant^  is  proportional  to  the  depth  of  the 
crowd  of  apherulee  beneath  it  in  the  given  direction.  Now  for  a  sphere  that  depth  it  a 
chord  of  the  sphere,  and  is  therefore  proportional  to  the  cosine  of  the  zenith  distance. 
Hence  the  law  of  radiation  of  the  crowd  of  spherules  is  the  same  m  the  natural  law  of 
radiation  from  the  surface  itself. 

Suppose  that  one  of  the  spherolea  P  emits  n'  oorpuedes  of  mass  m  with  velocity  f  per 
unit  time,  and  let  it  be  distant  r  from  the  centre  A  of  an  absorbing  sphere  of  radius  a. 
With  origin  at  the  spherule  measure  colatitnde  6  from  PA,  and  longitude  from  some  6ied 
plane  passing  through  PA- 

The  number  of  particles  emitted  per  unit  time  through  solid  angle  oaxOdBd^  is 
n'  eiiiBdSdtplirr.  Each  of  them  carries  momentum  mv,  and  therefore  the  component  of 
momentum  along  FA  absorbed  per  unit  time  by  the  sphere  A  is 

^'sintfcoetftWd*. 

To  find  the  whole  thrust  on  the  sphere  A  we  must  integrate  thus  from  ^  =  Sr  to  0, 

and  from  6  =  nn''  -  to  0. 
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is  analt^ua  to  the  case  treated  in  1 1,  vhere  we  coneider  only  the  effect  of 
the  normal  componeiit  of  the  impacta.  If  two  perfectly  abaorbing  spheres 
have  different  tomperatures,  the  action  and  reaction  between  them  will  not  be 
equal  and  opposite.  The  analo^e  of  this  case  in  the  Lesbian  hypothesis 
would  be  that  the  velocities  of  the  particles  which  strike  one  of  the  spheresi 
shoald  be  different  from  those  which  strike  the  other. 

If  one  side  of  a  body  of  any  shape  be  at  a  higher  temperature  than  the 
other  side,  the  body  will  be  subject  to  a  force  tending  to  propel  the  cooler 
ude  forward,  and  to  drag  the  warmer  side  after  it  This  follows  from  the  fact 
that  the  recoil  of  the  emission  on  the  wanner  side  is  greater  than  that  on  the 
cooler  side.  The  result  that  a  hot  sphere  will  pursue  a  cold  one  is  a  special 
instance  of  this  more  general  conclusion. 

In  the  Lesa^an  hypothesis  the  pressure  has  a  definite  relationship  to  the 
amount  of  energy  received  per  unit  area  and  per  unit  time,  and  the  law  is 
the  same  as  that  which  governs  the  relationship  between  radiation  and  the 
recoil  of  light.    The  result  has  so  great  a  physical  interest  that  it  seeme 

Hence  the  reanltant  repulsion  esercued  b;  the  Bpherole  on  the  sphere  is 
in'mr-- 

Now  Bnppow  that  there  ore  N  iphemleB  arranged  uniformlj  in  &  sphere  B,  of  T&dias  h, 
whose  centre  U  dist&nt  R  from  the  centre  of  the  sphere  A. 

Since  each  sphemle  repels  the  sphere  A  inversely  as  th«  square  of  the  distance  from 
its  centra,  it  follows,  as  in  the  theor;  of  attractions,  that  the  aggregate  of  them  repels 
inverselj  as  the  square  of  the  distance  between  the  centres  of  the  spheres  A  and  B, 

Hence  the  total  repulsion  of  the  crowd  of  ipherules  must  be  equal  to 

It  remains  to  find  the  value  of  NW,  in  terms  of  the  equivalent  radiation  from  the 
surface  of  the  sphere  B. 

Ifn'  is  the  total  number  of  corpuscles  emitted  per  unit  time  b;  the  whole  crowd,  and 
this  most  be  equal  to  the  total  number  emitted  from  the  surface  of  the  sphere  B. 

Now  we  have  taken  in  the  text  above  n  to  represent  the  number  of  corpuscles  emitted 
from  unit  area  of  tJie  surface  of  the  sphere.    Hence  we  have 
Nn'  =  4ir6^ 

It  follows  that  the  repulsion  between  the  spheres  is 

a* 
mna,  jp  ■ 

Ent  it  appears  from  the  latter  portion  of  g  3  that 
nm  =  \av  =  ipv. 

Thus  the  repulsion  ia  ^p  p,  i  and  this  is  identical  with  the  result  obtained  at  the 
end  of  g  2  above. 

TOL.  UOtVL — A.  2   F 
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worth  while  to  investigate  this  matter  more  closely.    We  have  already  seen 
ia  §  1  that  the  number  of  Lesagian  corpuscles,  which  strike  unit  area  in 

unit  time  is  X  — j— —  Ba,  and  each  corpuscle  before  impact  carries  energy 

ifwu*.    Hence  if  the  surface  completely  absorbs  all  the  energy  on  impact,  we 
can  at  once  find  /,  the  total  absorption  of  eneigy.    It  is  given  by 

/  =  ffjmf* .  ^f^f  Bm0ded4,  =  ^nrnv^. 

But  nm  is  the  mass  of  the  Lesf^an  medium  per  unit  volume,  and  has  been 
denoted  by  p,  and  therefore 

J  =  ipv'. 

Complete  absorption  of  eneigy  correaponds  to  the  case  k=  1,  and  there- 
fore the  Lesaginn  pressure  is  ^  =  ip^- 

47 
Hence  ^  =  — . 

This  result  is  the  converse  of  the  case  of  a  corpuscular  theory  of  radiation, 
and  I  is  then  the  radiation  of  the  surface,  whilst  p  is  the  pressure  of  radiation. 

We  shall  now  see  how  this  same  result  may  be  oblamed,  when  the 
subject  is  considered  from  the  poinb  of  view  of  radiation. 

Suppose  that  ncosffSa/v  be  the  number  of  corpuscles  of  masa  m  emitted 
per  unit  time  with  velocity  v  from  unit  area  of  a  surface  through  an 
elementary  cone  Sot  in  zenith  distance  $.  The  total  number  of  corpuscles 
emitted  per  uait  time  is  n,  because 


n: 


-  cos  $  sin  0  d6dift  =  n. 


Each  corpuscle  carries  ^mt^  energy,  and  the  radiation  is  given  by 

But  mn  has  not  the  same  meaning  that  it  had  in  §  1,  and  therefore  we  must 
consider  what  it  is. 

The  number  of  particles  radiated  per  unit  axea  and  time  through  the 
elementary  cone  Sa  towards  zenith  distance  $  is  — -Ba,  and  therefore 

for  a  small  element  of  area  Bs  it  is  - — ■_ —  BtaBs. 

We  may  then  concentrate  the  radiation  from  Ba  at  its  centre,  and  consider 
the  distribution  of  corpuscles  emitted.  Since  the  corpuscles  have  mass  m 
and  move  with  velocity  v,  the  total  mass  of  the  particles  at  any  moment  in 

an  element  of  volume  r'Soj  distant  r  from  the  centre  of  5$  is  —  cos  SBaBs. 
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Hence  the  density  of  corpuscles  radiated  from  &  at  a  point  distant  r  from  it, 

in  zenith  distance  8,  is z — ha. 

We  may  now  find  the  density  at  a  point  distant  z  from  an  infinite  plane 
radiating  surface  Take  origin  in  the  plane  vertically  under  the  point  at 
which  the  density  is  to  be  found,  and  let  p,  ^  be  the  distance  and  azimuth  of 
an  element  of  radiating  surface.    For  such  an  element 

8s  =  pBpS^.  coBe=-^^±^y  r^  =  p'+^. 

Then  the  density  at'  the  point  under  consideration  is  the  sum  of  the 
■contributions  of  all  elements  of  the  plane,  and  if  we  denote  that  density 
by  ff,  we  have 


Hence  /  =  \<n^. 

The  same  result  will  be  true  infinitely  near  a  curved  radiating  sui'face. 

We  found  above  in  considering  Lesagiau  bombardment  that  /  =  ^pi^. 
Hence  it  appears  that  <t  =  ^p.  This  result  might  have  been  foreseen,  because 
near  the  plane  half  the  corpuscles  are  screened  off,  and  so  the  density  must 
be  half  that  in  free  space. 

The  normal  recoil  of  the  radiation  is  clearly  equal  to  the  normalicomponent 
of  the  momentum  radiated  per  unit  time  and  area,  and  therefore 
'f*"  n  cos  5 


Jo  Jo 


-.mvcoB0.8ioffdff  rf0. 


Completing  the  iut^ration  and  substituting  for  mn  its  value,  we  have 
4/ 
3i' 


p  =  ]fav'  = 


The  density  of  energy  in  space  is  clearly  ^tn^,  and  this  is  equal  to  ^p 
or  2I/v. 

In  the  electro-m^netic  theory  of  light  the  density  of  eneigy  in  space  is 
also  21  fv,  but  I  understand  that  the  pressure  is  only  half  that  computed  from 
the  corpuscular  theory  and  is  equal  to  |//v  ;  thus  in  that  theory  the  density 
of  energy  in  space  is  three  times  the  pressure. 

§  4.  The  Resistance  to  a  Sphere  moving  with  Uniform  Velocity. 
We  may  find  the  force  on  such  a  sphere  by  imparting  to  the  Lesf^an 
corpuscles  a  uniform  drift  in  superposition  on  their  common  velocities  v. 

Let  us  first  find  the  pressure  on  a  plane  unit  area.  Take  the  normal  to  the 
area  as  axis  of  Z,  and  suppose  that  the  direction  cosines  of  the  axis  of  an 

2  F  2 

,1  -hCoogIc 


406        Frof.  G.  H.  Darwin.     Analogy  betioeen  Leaage'a     [May  2, 

infinitesiinal  cone  ia  are  sin  6  cos  4,  sin  0  sin  ^,  cos  0.  Then,  if  U,  V,  W,  am 
the  components  of  the  nniform  drift  of  the  corposcles,  the  velocity  of  the 
corpiiBcles  whose  direction  of  motion  is  parallel  to  the  axis  of  the  cone  is 

D+  IJsintf  co8^+  Tain  tf  sin  0+  W cos  ft 
The  momentum  towards  the  nadir  communicated  by  this  class  of  coipascles 
per  unit  time  is  therefore 

-£(«+  Uein0cxta<l>  +  F'8in^Bin0+  Wco8^)'co8"^8w. 

We  most  then  take  Sa>  =  a.n$d0  d^,  and  int^rate  throt^h  half  of  angular 
space.  The  int^ration  with  respect  to  0  may  be  efTected  at  once,  and  the 
expression  becomes 

Now,  suppose  a  sphere  of  radios  a  to  be  moving  with  velocity  u  in  the 
direction  of  the  axis  of  Z,  and  that  <^am0d$d^  is  any  element  of  its 
Biurfoce. 

When  we  reduce  the  sphere  to  rest,  we  have  the  case  just  considered,  and 
W  of  the  preceding  investigation  is  equal  to  u  cob  ft  The  portion  of  the 
pressure  coiTesponding  to  the  terms  ^  +  ■Kt'*  +  V  +  W^  is  the  same 
all  round  the  sphere,  and  will  produce  no  efTect ;  it  may,  therefore,  be 
omitted. 

Then  the  component  of  the  pressure  on  the  element  in  the  direction  of  the 
new  axis  of  Z  is 

^kp  [^u'oo^e+^vu  006  0]  cos  e.t^einffdffd^t. 

This  must  be  integrated  all  over  the  sphere.  After  integration  with 
respect  to  ^,  which  merely  involves  multiplication  by  2ir,  we  have 

■jTripo'l  iiv,' cos' 0+ivu<x)S0)coa S Bia0d0 

=  ^kpa'  I     ^vufJdft  =  ^kpahru. 

If  the  whole  momentum  is  absorbed,  1=1. 

Next  oonsider  the  tangential  component  of  the  momentum.  In  the  Investi- 
gatioQ  of  §2,  put  /=0,  m  =  0,  »=1;  /' =  sin ^ cos ^,  m' =  sin ^ sin ^, 
n'  =  cos  ft    Then  the  components  of  force  are 
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F= 8in0 

Z  =  {i. 

These  must  be  iutegrated  through  half  of  angular  space.  Efiecting  the 
integration  with  respect  to  ^,  we  have 

X=  — ^'p  yam  Seas 0{vUa.n  0+  UWaiaewi  5) sin  6  dO, 

T=  —^'p^iiaecaae{vVtaueJfVWsmecaae)ained0. 
From  this  we  easily  find 

In  applying  this  to  the  case  of  the  sphere,  we  have,  as  before,  W  ^  u  cos  0, 
and  if  we  take  the  meridian  as  the  X  axis  of  the  preceding  investigation 
U  =  — w  sin  0,  and  F  =  0,    Hence 

X  =  ^h'p  iyu  sin  tf  +  -^u*  sin  6  cos  0). 
The  component  force  on  the  sphere,  parallel  to  the  motion  u,  is  —  X  sin  0. 
Hence,  the  whole  force  on  the  sphere,  due  to  the  tangential  component,  is 
^h'pa*  I  \{vu^0-^-^'sai0GO6ff)Bva'0  d0dj> 


=  Jwt'pa'l    vuB\B*0d0  =  ^k'pa'vu. 


For  complete  absorption  of  momentum  k'  =  1.  Hence,  in  this  case  the 
normal  and  tangential  components  contribute  an  equal  amount  to  the 
resistance,  which  becomes 

The  uniform  normal  pressure,  say  p,  on  the  sphere  when  at  rest  is  ^/yi^. 
Hence,  the  resistance  is 

4Tra'p  - . 

V 

I  talte  it  that  a  similar  formula  gives  the  resistance  to  a  radiating  sphere, 
because  the  recoil  corresponding  to  the  emission  of  a  particle  is  exactly  equal 
to  the  momentum  communicated  by  one  impinging. 

§  6.  Su/mmary. 

Various  hypotheses  may  be  adopted  as  to  the  form  and  constitution  of  the 

elementary  portions  of  matter  and  of  Lesage's  ultramundane  corpuscles. 

In  this  paper  I  consider  the  elementary  portion  of  matter  to  be  a  sphere, 
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and  I  suppose  the  ephere  to  be  either  smooth  or  rough,  aod  the  corpusclea 
to  be  either  perfectly  elastic  or  inelastic  in  their  coUieione. 

With  perfectly  smooth  spheres  and  petfefctly  elastic  cotpusclfes,  it  is  clear 
that  the  total  energy  of  the  system  remains  unchanged  when  two  spheres, 
immersed  in  the  medium,  are  made  to  approach  or  recede  from  one  another. 
Aa  no  work  is  done  by  such  movements,  there  can  be  no  force  on  either 
sphere.  It  would  bo  excessively  difficult  to  prove  the  vanishing  of  the  force 
between  the  two  spheres  by  a  detailed  examination  of  the  impacts  of 
the  corpuscles,  because  it  would  be  necessary  to  take  into  account  the 
corpuscles  which  are  reflected  from  either  sphere  so  as  to  strike  the  other. 
It  is,  however,  certain  that  in  this  case  there  would  be  no  force,  and  there- 
fore imperfect  elasticity  or  roughness  in  the  spheres  are  necessary  conditions 
for  the  ftpplicabiUty  of  Lesage's  theory. 

In  the  case  of  partial  elasticity  and  roughness,  it  would  be  even  more 
difficult  than  in  the  former  case  to  trace  the  effect  of  reflected  corpuscles 
which  strike  the  other  sphere.  But  in  proportion  as  the  inelasticity  and 
roughness  increase,  so  will  a  solution,  which  only  takes  into  account  first 
impacts,  increase  in  accuracy.  "We  may  fairly  conjecture  that  a  very  moderate 
degree  of  inelasticity  would  suffice  to  make  such  a  solution  fairly  correct. 
However  this  may  be,  no  attempt  is  made  in  this  paper  to  consider  these 
repeated  impacts. 

A  fundamental  objection  to  the  physical  truth  of  Lesage's  hypothesis 
lies  in  the  fact  that  it  demands  a  continual  creation  of  energy  at  infinity  to 
supply  the  gravific  machinery.  But  Lord  Kelvin  has  suggested  a  manner 
in  which  this  physical  absurdity  might  be  avoided.*  He  supposes  that  the  ' 
corpuscles  are'  capable  of  absorbing  energy  in  the  form  of  internal  agitation. 
On  each  jmpact  some  of  the  enei^  of  translation  is  converted  into  energy 
of  agitation,  and  a  repartition  of  the  energies  of  translation  and  agitation  is 
effected  by  the  mutual  collisions  of  corpuscles  according  to  Clansius's  law. 
If,  however,  the  work  of  this  paper  is  correct,  this  suggestion  will  not  serve 
to  remove  all  the  defects  of  Lesage's  hypothesis. 

I  here  suppose  two  spheres  to  be  subjected  to  bombardment,  and  evaluate 
the  effects  of  the  normal  and  tangential  components  of  the  fieveral  impacts 
separately.  It  is  thus  possible  to  make  various  hypotheses  as  to  the  degrees 
of  elasticity  and  roughness.  It  appears  that  neither  the  normal  nor  the 
tangential  components  of  the  impacts  give  rise  to  forces  of  attraction 
between  the  spheres  which  vary  rigorously  as  the  inverse  square  of  the 
distance  between  their  centres.    In  fact  the  resultant  force  acting  on  one 

*  "On  the  Ultnuaaaduie  CorpoKoles  of  I<ewge,"  'Phil.  Mag.,'  U&y,  1S73,  vol  4S, 
p.  321,  fourth  Berles. 
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of  the  spheres,  due  to  the  normal  compoqent,  varies  (approximately)  as 
the  inverse  square  of  a  distance  equal  to  the  distance  between  the  two 
centres  diminished  by  -j*^  of  the  radius  of  the  sphere  in  question ;  and  the 
resultant  force,  due  to  the  tangential  component,  similarly  demands  the 
augmentation  of  the  distauce  by  -f^  of  the  radius  of  the  sphere. 

If  the  two  spheres  are  unequal  in  size,  then,  as  far  as  concerns  the  normal 

component,  the  diminution  of  the  distance,  so  aa  to  maintain  the  law  of 

inverse  square,  is  greater  for  the  larger  sphere  than  for  the  smaller;  and 

.   the  like  is  true  for  the  augmentation  in  the  case  of  the  effect  of  the  tai^ntial 

component. 

It  follows  that  if  the  noi'mal  component  is  only  effective,  the  larger  sphere 
is  more  strongly  impelled  towards  the  smaller  than  the  smaller  to  the  larger, 
and  the  converse  is  true  for  the  separate  action  of  the  tangential  component. 
In  general,  the  sum  of  the  two  effects  will  not  insure  equality  of  action  and 
reaction,  nor  the  rigorous  truth  of  the  law  of  the  inverse  square.  If  these  be 
necessary  conditions  for  the  truth  of  any  theory  of  gravitation,  then  Lesage's 
hypothesis  and  Lord  Kelvin's  modification  stand  condemned.  It  is  true  that 
the  inequality  of  action  and  interaction  may  be  avoided  by  supposing  that 
all  elementary  portions  of  matter  are  rigorously  of  the  same  size,  but  this  still 
leaves  the  law  of  inverse  square  imperfectly  fulfilled. 

There  is,  however,  one  limiting  case  in  which  these  particular  imperfections 
in  the  theory  are  avoided.  If  the  inelasticity  of  the  corpuscles  is  complete' 
and  the  roughness  of  the  sphere  such  as  absolutely  to  annul  the  tangential 
velocity  of  a  corpuscle  on  impact — in  other  words,  if  the  absorption  of 
momentum  on  impact  is  total — the  law  of  inverse  square  becomes  rigorous, 
and  action  and  reaction  become  equal  Thia  supposition  leaves  the  necessity 
for  the  creation  of  energy  at  infinity  in  its  acutest  form. 

The  case  of  the  total  absorption  of  energy  on  impact  is  strictly  analogous 
to  the  repulsion  of  l^ht,  for  the  emission  of  light  may  be  regarded  as  the 
exact  converse  of  Lesage's  mechanism.  Thus  the  preceding  investigation 
proves  that  two  radiating  and  completely  absorbing  spheres  at  the  same 
temperature  repel  one  another  rigorously  as  the  inverse  square  of  the 
distance  between  their  centres. 

If  they  are  not  at  the  same  temperature  they  will  tend  to  move  (as  indi- 
cated  by  Poyniing)  eo  that  the  cooler  sphere  leads.  This  appears  to  he  a 
special  case  of  a  more  general  law,  namely,  that  a  body  with  one  end  hot  and 
the  other  cold  will  tend  to  move  with  Che  cold  end  leading,  because  the  recoO 
of  the  emission  of  radiation  from  the  hot  end  will  be  greater  than  that  from 
the  cold  end. 

Another  effect  of  the  recoil  of  the  emission  of  hght  may,  perhaps,  be  of 
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importanc6  in  solar  physics.  Poynting  shows  that  the  impulse  of  eolsr 
radiatioD  at  the  earth  is  5'8  x  10~*  dyne  per  square  centimetra  Now  the 
earth  is  distant  214'4  solar  radii  from  the  sun ;  hence  the  recoil  of  light  at 
the  sun's  surface  must  be  6'8x  10~*x(2l4-4;*  =  2f  dynes  per  square  centi- 
metre. An  "  abnospbere "  is  about  10"  dynea  per  square  centimetre,  and 
although  the  pressure  just  computed  is  very  small  compared  with  a  terrestrial 
standard  atmosphere,  yet  its  effect  may  be  worthy  of  considemtion. 

In  the  last  section  the  resistance  ia  evaluated  which  on  isolated  sphere 
Buffers  when  moving  with  uniform  velocity  in  a  Leeagian  gravific  medium. 
It  appears  that  the  resistance  is  equal  to  the  area  of  surface  of  the  sphere 
multiplied  by  the  preesnre  per  unit  area  on  a  surface  at  rest,  and  by  the  ratio 
of  the  velocity  of  the  sphere  to  the  velocity  of  the  gravific  corpuscles.  I  take 
it  that  the  same  result  will  give  the  resistance  to  motion  of  a  radiating 
sphere. 
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On  the  PhoaphoTvscent  Spectra  of  SB  and  Europium. 
By  Sir  William  Ceookrs,  D.Sc,  F-RS. 
(R«ceiTed  May  16,— Bead  June  8,  1905.) 

The  recent  examination  of  a  pure  specimen  of  europium  prepared  by 
M.  Urbain  has  bronght  to  light  some  interesting  facta  connected  with  its 
pho^horeecent  spectrum  when  the  sulphate  is  subjected  to  cathode  radiations 
in  a  radiant  matter  tube. 

In  Demar^ay's  paper  announcing  the  discoveiy  of  europium,*  he  referred  to 
the  phosphorescent  spectrum  of  the  new  earth  in  the  following  terms : — 

"  In  1886  Sir  William  Crookea,  during  hia  beautiful  researches  on  electric 
phosphorescence  in  vaciw,  noticed  a  band  which  he  attributed  to  samarium, 
and  which,  by  reason  of  its  disappearance  in  the  presence  of  lime  and  from 
certain  other  peculiarities,  be  called  the  '  anomaloos  line.'  Later  he  distin- 
guished this,  tt^tber  with  a  large  number  of  other  bands,  as  belonging  each 
to  a  special  meta-element.  The  hypothetical  meta-element  corresponding  to 
the  anomalous  line  he  called  S£.  M.  Lecoq  de  Bcdsbaudran,  in  the  course  of 
his  important  researches  on  phosphorescence,  confirmed  the  above  statements 
with  regard  to  this  anomalous  line.  In  1892  M.  de  Boisbaudran  described  a 
spectrum  consisting  of  three  brilliant  blue  lines  discovered  in  the  spark 
spectrum  of  samariuoL  He  concluded  that  they  corresponded  to  a  particular 
element,  Z«.  About  the  same  time  he  also  drew  attention  to  a  particular 
band  in  the  reversal  spectrum  of  samarium,  which  apparently  corresponded 
to  the  anomalous  line.  M.  de  Boisbaudran,  without  forming  vory  precise 
conclusions,  inclined  to  the  idea  that  this  line  was  due  to  a  particular  element, 
Z^.  In  1896  I  discovered  the  presence  of  an  element  intermediate  between 
gadolinium  and  samarium.  In  1900  I  showed  that  this  new  element  was 
identical  with  de  Boisbaudran's  Ze,  and  that  Crookes's  anomalous  bond  was 
due  to  the  same  substance,  as  well  as  the  reversal  line  Z^  .  .  .  Since  that 
period,  by  a  long  series  of  fractionations  with  magnesium  nitrate,  I  have 
been  able  to  accumulate  a  considerable  quantity  of  this  element  The 
apparently  contradictory  results  of  Crookes  and  de  Boisbaudran  are  due,  I 
think,  to  the  very  small  proportions  of  Z — Ze  contained  in  their  material.  I 
propose  the  name  Europium  for  the  new  element,  with  symbol  Eu,  and  atomic 
we^ht  151  (approx.)" 

Immediately  on  the  publication  of  Demar^ay's  paper  I  gave  reasons  why 
*  '  ComptoB  BenduB,'  ToL  132,  p.  1464 ;  '  Chi)mi<»l  News,'  vol  64,  p.  1. 
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my  earth  giving  the  verj'  ubarp  red  phosphoreecent  line  (which  I  had  called 
"  the  anomalous  line "),  waa  not  the  same  as  either  de  BoiBbaudran's  or 
Demar^ay's  earth.  I  said*  "  It  ie  necessary  for  me  to  make  one  or  two 
correctioDB  to  the  paper  of  M.  Demanjay, 

"  I  have  never  admitted  that  the  body  called  by  M.  de  Boisbaudrsn  Ze  is 
the  same  body  which  gives  my  '  anomalous  line.'  Indeed,  I  have  good  reason 
to  think  they  are  quite  different.  The  line  given  by  M.  de  Boisbaudran's  Ze  is 
broad  and  indistinct  at  the  edges,  while  the  '  anomalous  line '  is  absolutely 
sharp  and  narrow,  like  a  gas-line.  Also  their  refrangibilities  are  not  identical 
The  same  remarks  will  apply  to  the  body  described  by  M.  Demar^ay  in  bis 
1900  paper." 

The  first  record  of  the  observation  of  the  so-called  anomalous  line  is  in 
my  paper  "On  Badiant  Matter  Specti-oscopy — Part  II,  Samarium,"  read 
before  the  Eoyal  Society,  June  18, 1885,t  which  contains  an  account  of  the 
conditions  under  which  this  line  is  obtained,  and  my  reasons  for  supposing 
it  to  be  indicative  of  an  elementary  substance.    In  paragraph  146, 1  said ; — 

"  it  WHS  interesting  to  ascertain  what  spectrum  a  mixture  of  samarium 

and  yttrium  would  give I  next  tried  a  mixture  of  samaria  80, 

and  yttria  20.  The  spectrum  was  identical  witli  the  one  last  observed,  with 
one  striking  difference — the  \~'  2693  line  now  shines  out  with  great 
brilliancy  of  a  fine  orange-red  colour,  as  sharp  as  a  gas-line,  and  so  itnlike 
the  bands  usually  met  with  in  the  spectra  of  phosptioi'escent  earths  as  to 
surest  the  explanation  that  some  other  spectrum-forming  body  was  pi'eeent 
in  the  mixture." 

Again,  in  the  same  paper,  paragraph  16f>,  I  wrote : — 

"  The  anomalous  line  \~'  2693. — On  several  occasions  I  have  spoken  of 
an  orange  line,  \~'  2693,  which  by  its  brilliancy  and  sharpness  is  a 
prominent  object  in  most  of  the  samarium-yttrium  spectra.  With  samario 
sulphate  it  is  exceedingly  faint.     Witli  samaria  containing  5  per  cent,  of 

yttria  it  is  very  little  brighter ; and  with  a  mixture  of  80  parts 

samaria  and  20  parts  yttria  it  is  at  its  maximum  intensity." 

The  next  year  I  returned  to  the  subject,  and  in  a  paper  "  On  some  New 
Elements  in  Gadolinite  and  Samarskite,  Detected  Spectroscopically.'t 
I  said  that  I  had  since  further  investigated  the  occurrence  of  line  X  6094, 
"  the  anomalous  line,"  with  the  bringing  to  light  of  some  important  new 
facts.  I  found  that  the  body  giving  rise  to  the  line  closely  followed 
samarium  in  my  fractionations,  and  that  the  presence  of  yttria   was   not 

*  'Chemical  News,'  vol.  84,  p.  2,  July  5, 1901. 

+  'Phil.  Trane.,'  Part  II.  1886. 

X  '  Boy.  Soc  Proo.,'  June  9,  1886,  vol.  40,  p.  602. 
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aecessaty  to  bring  it  out,  the  yttria  actii^  onlj  by  deadeniDg  the  brightness 
of  the  other  red,  green,  and  orange  bands  of  samaria,  while  it  had  little  or  no 
action  on  the  anomalous  line.  Again,  I  found  that  the  addition  of  a  little 
lime  entirely  suppressed  line  X  6094,  while  it  brought  out  the  samarium  lines 
with  increased  vigour.  I  further  found  that  in  samaria  prepared  from 
different  minerals  the  line  varied  greatly  in  intensity.  The  earth  from 
samarskite  showing  it  strongly,  while  samaria  from  gadolinite  showed  no 
trace  of  line  X  6094.  "  It  follows,  therefore,  that  the  body  whose  phosphores- 
cent spectrum  gives  line  X  6094  occurs  in  samarskite  but  not  in  gadolinite  ; 
thus  it  cannot  be  due  to  samarium,  yttrium,  or  a  mixture  of  these  two 
elements.  The  only  other  probable  alternative  is  that  the  source  of  this 
line  is  a  new  element." 

I  said; — "A  hitherto  unrecognised  band  in  the  spectra  by  absorption  or 
phosphorescence  is  not  of  itself  definite  proof  of  a  new  element,  but  if  it 
is  supported  by  chemical  facte,  such  as  I  have  brought  forward,  there  is 
sufficient  primd  facie  evidence  that  a  new  element  is  present.  Until, 
however,  the  new  earths  are  separated  in  sufiScient  purity  to  enable  their 
atomic  weights  to  be  approximately  determined,  and  their  chemical  and 
physical  properties  observed,  I  think  it  is  more  prudent  to  regard  them  as 
elements  on  probation."  I,  therefore,  named  the  new  body  SB,  the  S 
recalling  the  source,  samarskite. 

In  1887, 1  again  recurred  to  the  subject  of  line  X  6094,  and  in  a  paper  com- 
municated to  the  Boyal  Society  on  February  10,  ISS?,*  I  gave  the  result  of 
an  extended  search  for  the  earth  which  gave  rise  to  it,  or  SS.  I  said  that  SS 
"  is  not  present  in  the  rare  earths  from  gadolinite,  xenotime,  monazite,  hielmite, 
euxenite,  and  arrhenite ;  it  is  present  in  small  quantity  in  cerite,  and  some- 
what more  plentifully  in  samarskite.  ....  In  samarskite  yttrium  it 
concentrates  at  a  definite  part  of  the  fractionation.  A  little  calcium  entirely 
suppresses  the  orange  line,  while  samarium  or  yttrium  seem  to  intensify  it." 

Owing  to  want  of  material  and  pressure  of  other  occupations,  the  subject 
was  put  aside  until  recently,  when  an  examination  of  the  phosphorescent 
spectrum  of  Urbain's  pure  europium,  in  the  form  of  ignited  sulphate,  led  me 
to  take  up  the  matter  once  more. 

Europium  sulphate  phosphoresces  red,  as  described  by  Demar^y.  A 
photograph  showed  a  complete  absence  of  phosphorescence  bands  between 
X4800  and  X2536.  The  visible  spectrum  consists  almost  exclusively  of  two 
i-ed  lines,  the  most  refrangible  being  nebulous  and  faint,  the  other  sharper 
and  very  bright  (fig.  1),  and  a  faint  nebulosity  in  the  position  of  the  sodium 
line. 

*  'Eoy.  Soc  Proc.,'  vol  42,  p.  112, 
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The  strong  phosphorescent  line,  which  Cemar^ay  thinks  is  identical  with 
my  SS,  is  shown  by  eoropia  and  gadoUnia ;  indeed,  it  is  stronger  in  gadolinia 

Pit-      


-Ti  IT 


than  in  europia.  Careful  measurement  shows  it  is  not  coincident  with  the 
old  anomalous  line,  the  wave-length  of  the  europia  line  being  \  6128  and  that 
ofSSx6094. 

Experiments  were  made  in  coanection  with  the  appearance  of  SB  And  the 
identity  or  non-identity  of  it  with  the  similar  looking  line  in  Urbain's  earths. 
Some  good  yttria  was  mixed  with  pure  samaria  in  the  proportion  originally 
found  to  give  the  SS  line  most  brilliantly,  but  the  phosphorescing  sulphate 
failed  to  show  any  trace  of  it.  To  this  mixture  was  now  added  a  little 
europia,  and  the  SS  line  was  developed  brilliantly,  and  occupied  its  normal 
position  at  X  6094  (fig.  2),  in  a  difierent  position  to  the  line  seen  when  the 
europia  is  not  contaminated  with  Yt  and  Sm.  This  result  was  so  unusual 
that  both  tubes,  one  containing  europium  sulphate,  and  the  other  Eu,  Yt,  and 
Sm  Bolphate,  were  arranged  so  that  their  two  spectra  overlapped,  when  the 
difference  in  position  was  very  marked. 

It  having  been  found  that  the  addition  of  lime  caused  the  anomalous  line 
to  disappear,  it  was  decided  to  add  lime  to  pure  europia  to  ascertain  its  effect 
It  did  not  suppress  the  Eu  line,  but  caused  it  to  shift  towards  the  red  to 
\  6153,  still  further  away  from  the  position  it  occupied  in  mixtures  of  Yt, 
Sm,  and  En ;  and  its  less  refrangible  companion,  showa  faint  in  figs.  1  and  2, 
increased  to  almost  equal  intensity  (^.  3). 
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Records  of  Difference  of  Temperature  between  McQill  College 
Ohaervatory,  and  the  Top  of  Mount  Royal,  Montreal. 

By  Professor  C.  McLeod,  F.E,S.CaiL 

(Cotomunicated  by  Professor  H.  L.  Callendar,  F.R.S.    Beceived  Jime  7, — Read 
June  8,  ldOS.> 

A  grant  of  £50  was  voted  by  the  British  Association  in  1897  for  erecting 
a  line  on  Moont  Boyal  to  connect  the  summit  with  the  McGill  Collie 
Obeervatory,  in  order  to  obtain  continuous  electrical  records  in  the  Observatoiy 
with  one  of  ProfesBor  Gallendar's  instruments  of  the  variations  of  temperature 
on  the  summit  of  Mount  Boyal  at  a  distance  of  about  a  mile,  in  a  situation 
which  was  ioaccessible  for  the  greater  part  of  the  winter.  An  air-line 
was  erected  early  in  1898,  as  soon  as  the  weather  permitted,  and  the 
thermometers  and  other  instruments  adjusted  and  tested  by  Professor 
Callendar.  The  apparatus  worked  very  well  in  fine  weather,  but  the 
insulation  was  appreciably  imperfect  during  rain.  During  the  summer  the 
original  thermometers  and  part  of  the  line  were  damaged  by  lightning,  and  it 
was  found  to  be  necessary  to  replace  the  air-line  by  a  lead-covered  cable  to 
secure  perfect  insulation  and  protection.  The  necessary  ftmds  for  this 
purpose  were  provided  partly  by  a  grant  of  £20  from  the  British  Association 
and  partly  by  a  gift  of  $300  from  Sir  Wm  McDonald.  The  cable  was 
erected  in  the  summer  of  1903,  and  the  thermometers  refitted. 

The  cable  cousiated  of  four  No.  16  copper  wires  insulated  with  paper  in  a 
thick  lead  sheath  suspended  from  a  steel  cable  on  poles.  The  length  of  the 
cable  was  4100  feet,  the  horizontal  distance  between  the  stations  3300  feet, 
and  the  difference  of  altitude,  620  feet.  The  total  resistance  of  the  thermo- 
meter leads  was  about  40  ohms,  and  was  very  nearly  equal  to  that  of  the 
compensating  leads.  The  resistances  were  equalised  by  a  short  coil  of 
copper  wire,  placed  outside  near  the  observatory.  The  insulation  of  the  line 
was  tested  and  found  to  be  ample  for  the  purpose  even  in  wet  weather. 

In  order  to  secure  an  open  scale  for  the  record,  and  to  obtain  the  greatest 
possible  accuracy  in  the  measurement  of  the  difference  of  temperature  between 
the  two  stations,  a  pair  of  similar  platinum  thermometers,  each  having  a 
resistance  of  9'264  ohms  at  32^  F.,  and  giving  a  scale  of  1/5  of  an  inch,  or  1/60 
of  an  ohm  per  d^;ree  Fahr.,  on  the  recorder,  were  connected  differentially  to 
the  recorder,  one  thermometer  being  placed  in  a  screen  on  the  top  of  the 
mountain  at  one  end  of  the  line,  and  the  other  in  a  similar  screen  at  the  other 


d  by  Google 


416    Prof.  McLeod.    IHffeivnce  of  Temperature  between    [June  7, 

end  of  the  line  near  the  ohservatoiy.  The  position  of  the  zero  and  the 
accuracy  of  compensation  of  the  leads  were  tested  on  two  occasions  at  an 
interval  of  three  montba,  with  BatiBfactor7  results.  The  maximum  error  due 
to  defective  insulation  or  compensation  or  variation  of  zero  did  not  exceed 
0«-5  F. 

The  results  of  the  first  year's  working  demonstrate  the  possibility  of 
obtaining  accurate  continuous  records  of  the  temperature  of  an  inaccessible 
station  without  any  trouble  over  long  periods.  It  has  not  yet  been  possible 
to  trace  the  connection  between  weather  conditions  and  the  variations  of  the 
difference  of  temperature  between  the  stations,  but  some  general  results  of 
interest  appear  to  be  worth  noting.  The  range  of  variation  is  considerable, 
and  often  changes  very  rapidly.  On  some  occasions  the  temperature  at  the 
higher  station  has  been  as  much  as  6°  or  7^  F.  above  the  lower,  on  others  it 
has  been  25°  F.  below,  showing  a  range  of  more  than  30°  F.  Normal  differences 
of  temperature  appear  to  vary  with  the  aven^  air  temperature,  increasing 
negatively  (higher  station  colder)  as  the  temperature  falls.  This  is  illustrated 
by  the  accompanying  table  of  monthly  means.  The  average  difierence  of 
temperature  varies  from  11°'5  F,  in  January,  at  8°2  F.,  te  S"'?  F.  in  May  at 

sg"-?  F. 


Month. 

MoBD  tampanture 
at  bwer  ttatbn. 

Higher  itotion 

67°-7 
62 -0 

eo-0 

48-6 
83-1 
14-0 
8-2 
7-2 
24-8 
38-8 
667 

6°5 
4 '8 
5-9 
7-6 
4-6 
8-3 
11 -6 
8-1 
5-9 
6-6 
8-7 

As  illustrating  the  general  character  of  the  differential  records,  and  the 
extent  and  snddenness  of  the  changes  observed,  three  of  the  records  are 
reproduced  on  a  reduced  scale,  for  January  11,  January  22,  and  February  1, 
1904.  A  complete  set  of  records  for  February,  1904,  which  are  not 
reproduced,  but  preserved  for  reference  in  the  Archives,  also  accompanies 
the  paper. 

If  the  differeutial  records  are  compared  with  temperature  at  the  lower 
station,  it  Is  at  once  noticed  that  any  marked  change  of  temperature  at 
the  lower  station  is  almost  invariably  preceded  by  a  similar  change  at 
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418  Difference  of  TenvpertUure,  etc, 

the  higher  station  at  an  interval  ot  time  from  12  to  24  hours.  A  negative 
increaee  in  the  temperature  difference  as  shown  by  the  curve  on  Februaiy  1 
heralds  the  arrival  of  a  cold  wave.  A  rise  in  the  difference  curve,  or  a 
diminution  of  the  temperature  difference,  indicates  the  approach  of  warmer 
weather.  It  seems  probable  that  when  these  relations  have  been  more 
completely  studied  and  reduced,  they  may  prove  of  great  assistance  in  fore- 
casting. The  system  of  recording  here  adopted  can  be  applied  equally  well  to 
sunshine,  and  to  other  meteorological  data,  and  appears  to  overcome  the 
difficulty  and  expense  of  maintaining  a  staff  of  observers  at  an  elevated  and 
often  inaccessible  station. 
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The  Elastic  Properties  of  Steel  at  High  Temperatures. 
By  Bebtrau    Hopkinson,  M.A.,  M.I.C.E.,  Professor   of    Mecbanisni    and 
Applied   Mechanics   in   the  University  of  Cambridge,  and  F.  EoGERS, 
B.A.  (Cantab.),  M.Sc.,  M.Eng. 

(Communicated  by  Professor  Ewing,  F.R.S.    Received  April  13, — Received  in 
Revised  Form  June  S, — Bead  June  8,  1906.) 

Hitherto,  investigationB  into  the  elastic  properties  of  metals  have  been 
confined  to  comparatively  low  temperatures.  Gray,  Dunlop,  and  Blyth 
have  measured  the  modulus  of  rigidity  and  Young's  modulus  for  wires  up 
to  temperatures  of  100°  C,  and  found  that  both  these  quantities  decrease 
as  the  temperature  rises,*  Martens  determined  the  influence  of  heat  on  the 
strength  of  iron  up  to  temperatures  of  600°  C,  but  his  experiments  were 
the  ordinary  tensile  tests  earned  to  rupture,  and  though  he  also  found  a 
substantial  diminution  of  Young's  modulus  with  rise  of  temperature,  he 
did  not  go  into  the  point  fully,  being  mainly  concerned  with  breaking  stress 
and  elongation.t 

In  the  experiments  here  described  the  elastic  properties  of  steel  and  iron 
have  been  investigated  at  higher  temperatures,  ranging  up  to  800°  C,  and  for 
stresses  greatly  below  that  required  to  rupture  the  material.  We  have 
found  that  as  the  temperature  rises  the  stress-strain  relations  undergo  a 
remarkable  change,  which  may  best  be  expressed  by  saying  that  what  is 
variously  called  the  "time-effect," or" elastische  nachwirkung," or" creeping," 
increases  greatly  with  the  temperature.  Steel,  at  high  temperatures,  behaves 
like  indiarubber  or  glass ;  if  it  is  stressed  for  a  time,  and  the  stress  removed, 
it  does  not  at  once  recover,  but  after  the  immediate  elastic  recovery  there 
is  a  slow  contraction  perceptible  for  many  miuutes.  Such  "n-eeping"  can 
be  detected  at  ordinary  temperatures,  but  at  a  red  heat  it  attains  a  different 
order  of  magnitude,  becoming  (in  its  total  amount)  a  substantial  fraction  of 
the  whole  deformation. 

The  test-piece  was  4  inches  long,  aboiit  02  inch  diameter,  and  had  enlarged 
ends  which  were   screwed  into  two  steel  bars  each  1^  inch  diamet«r  and 
10   inches   long.     The  whole  was   set  up  in  a  vertical   electric    resistance 
furnace,  wound  with  three  coils  of  nickel  wire.     The  currents  in  these  coils 
could  be  separately  controlled,  and  in  thia  way  the  temperature  along  the  test- 
piece  could  be  made  very  approximately  uniform.     The  temperatui-es  were 
measured  by  three  therrao  couples,  placed  one  at  each  end  and  one  in  the 
♦  '  Proc  Inst.  C.  E.,'  vol.  104,  p.  209  (1891). 
+  '  Eoy.  Soc.  Proc,'  vol  67,  p.  180  (Oct.,  1900). 
VOL  LXXVI. — A.  2  G 
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Fia.  1. 


middle  of  the  teet-piece.     Fig.  1  showe  the  apparatus  with  one  side  of  the 
furnace  removed.     Changee  in   length  between  the  points  A,  B  could  be 
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measured  correctly  to  1/60000  of  an  inch,  by  meana  of  an  extensometer  of 
Professor  Ewing's  patt«m.  The  furnace  was  supported  separately,  and  the 
test-bar,  with  the  attached  extensometer,  was  hung  free  within  it  Tension  up 
to  112  lbB.(li  tons  per  square  inch)  ctinld  be  very  rapidly  applied  or  removed 
by  means  of  a  foot  lever  at  the  lower  end.  The  interior  of  the  furnace  was 
closed  from  the  atmosphere  by  means  of  mercury  locks,  and  the  test-piece 
was  kept  surrounded  by  an  atmosphere  of  nitrogen  so  as  to  avoid  oxidation. 

It  will  be  seen  that  the  extension  observed  included  the  elongation  of  the 
end-pieces,  as  well  as  that  of  the  test-piece.  The  area  of  the  latter  being 
1/30  of  that  of  the  ends,  and  its  lei^h  one-fifth,  it  appears  that  of  the  total 
extension  87  per  cent  ia  contributed  by  the  test-piece  and  the  remainder  by 
the  end-pieces,  if  the  elastic  properties  of  the  two  are  the  same.  At  low 
temperatures  thia  ie  approximately  the  case,  but  at  h^her  temperaturea  the 
average  temperature  of  the  ends  is  leas  than  that  of  the  test-piece,  and  they, 
therefore,  contribute  a  less  proportion  to  the  total  extension.  In  stating  the 
results  in  this  paper,  the  total  extension  is  alone  referred  to,  and  it  is  stated 
in  extenaoraeter  divisions,  each  of  which  is  1/5000  of  an  inch,  or  1/20000 
of  the  length  of  the  test-pieca  It  ia  probable  that  at  high  temperatures  over 
90  per  cent  of  this  extension  should  be  credited  to  the  test-piece. 

Two  materials  were  tested,  one  being  steel  containing  about  O'S  per  cent, 
of  carbon,  and  the  other  Low  Moor  Iron. 

Fig.  2  shows  the  result  of  a  series  of  tests  carried  out  on  a  steel  bar  at 
750°  C.  The  bar  was  at  no  time  heated  much  beyond  that  temperatiu^.  It 
was  loaded  with  85  Iba.  for  one  minute,  then  unloaded  for  two  minutes  and  so 
on,  and  the  curve  shows  the  residting  changes  of  length  in  terms  of  the  time. 
It  will  be  seen  that  even  at  thia  low  stress  (about  1^  tons  per  square  inch) 
the  metal  flows  fairly  rapidly,  and  that  the  overstraining  has  a  considerable 
hardening  effect,  as  shown  by  the  diminishing  amount  of  the  permanent  set 
produced  by  successive  loadings.  We  found  that  this  hardening  disappeared 
with  rest ;  that  is,  if  the  bar  were  left  unsti-essed  at  760°  C.  for  a  couple  of 
hours  after  having  been  hardened  by  successive  loadings,  it  was  restored  to  its 
original  soft  state.  With  a  slightly  less  load  (about  79  lbs.)  the  flow  of  metal 
was  very  much  slower,  the  permanent  set  produced  by  load  applied  for 
one  minute  amounting  to  only  about  0*5  extensometer  division,  against 
1*5  divisions  for  the  load  of  85  Iba. 

In  respect  of  all  the  features  hitherto  mentioned  the  properties  of  the 
material  differ  only  quantitatively  from  thofle  of  the  cold  bar.  Fig.  2  might, 
but  for  one  remarkable  difference,  apply  to  a  cold  bar  stressed  to  its  yield- 
point  The  difference  lies  in  the  behaviour  of  the  bar  after  the  removal  of 
the  load.    Tbs  cold  bar  does  not  contract  appreciably ;  there  is  the  inatan- 

2  Q  2 
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taiieous  elastic  contraction,  then  ft  dtops.*  The  hot  bar,  on  the  other  hand, 
goes  on  shortening  for  two  minutes  or  more  after  the  load  is  off,  as  shown  by 
the  dotted  line  on  the  diagram,  and  the  total  amount  of  such  shortening 
amounts  to  roughly  one-third  of  the  instantaneous  contraction,  or  one-quarter 
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Fia  S. — Temperature  of  bar,  7G0°.  Load,  8&  lbs.  1  division  of  extenBometer  " 
•iihs"  =  Tiifcs  P*"*  °^  lengtli  of  t«at-piece.  DuriDg  the  times  covered  by  the 
dotted  liuea  the  bar  was  unstressed. 

of   the  total  contraction,  or  one-fifth  of  the  avers^e  total  extension  after 
hardening  has  taken  effect. 

The  iron  bar  behaved  in  much  the  same  way,  but  the  metal  fiowed  at  a 
lower  stress.  There  was  considerable  flow  with  a  stress  of  but  half  a  ton 
per  square  inch.  The  shortening  after  removal  of  load  was  also  perceptible 
at  that  stress. 

*  Professor  Ewiag,  *  Boy.  Soc  Proc,'  vol.  66,  p.  123,  found  a  cerlftiu  amount  of  creeping 
after  the  removal  of  the  load  from  a  cold  bar  which  had  previously  been  stressed  beyond 
its  yield'point ;  but  the  effect  was  extremely  small,  the  totnl  creep  never  amounting  to 
more  than  one-seventieth  of  the  totaJ  eitension  of  the  bar  when  loaded.  In  a  har  which 
had  not  previously  been  overatrained  no  each  effect  was  observed. 
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At  600°  C.  both  bats  exhibited  greater  tenacity.  A  load  of  112  lbs.  (1-6 
tons  per  square  inch)  applied  to  the  steel  bar  for  odc  minute  produced  an 
immediate  extension  of  38  divisions,  followed  by  a  slow  drawing  out,  which 
amounted  in  one  minute  to  about  0*9  division.  On  removal  of  load  there 
was  an  immediate  shortening  of  3'8  divisions,  followed  by  a  slow  contraction 
amounting  in  two  minutes  to  0'7  division.  The  permanent  extension  pro- 
duced was  very  small,  if,  indeed,  there  was  any  at  all.  The  iron  bar  behaved 
in  a  similar  way,  but  aa  at  750°  C.  it  yielded  appreciably  at  a  stress  which 
was  not  euiKcient  to  permanently  deform  the  steel  bar. 

The  experiment  on  the  steel  bar  at  600°  shows  pretty  conclusively  that  this 
slow  recovery  after  release  from  stress  is  not  solely,  or  even  mainly,  dependent 
on  overstrain.  It  seems  to  exist  to  a  large  amount  with  stresses  which  leave 
practically  no  permanent  effect ;  the  strain  develops  slowly  under  application 
of  stress  and  disappears  slowly  after  it  is  removed. 

This  phenomenon  is,  of  course,  analogous  to  residual  charge  in  glass  and 
other  dielectrics ;  the  stress  corresponding  to  the  electric  force,  and  the  strain 
to  the  electric  displacement.  Whether  the  law  of  linear  superposition  of  the 
effects  of  stresses — closely  followed  in  the  electrical  analogy — is  true  for  hot 
steel  or  iron,  is  an  interesting  question  which  our  apparatus  was  hardly 
sufficiently  delicate  to  answer. 

The  magnitude  of  this  effect  in  steel  may  best  be  gauged  by  comparii^  it 
with  other  cases  of  the  same  kind,  e.g.,  with  the  slow  recovery  of  a  glass  fibre 
after  twisting ;  if  such  a  fibre  be  twisted  through  a  considerable  angle  for 
several  hours,  it  will  recover  all  but  one-fiftieth  of  the  twist  within  two  or 
three  seconds  of  the  removal  of  the  stress."  The  remaining  slow  "  creep," 
amounting  to  one-fiftieth  of  the  whole  deformation,  corresponds  to  the  slow 
retnm  of  the  steel.  In  indiarubber,  under  certain  circumstances,  10  per  cent, 
of  the  strain  disappears  in  time  after  the  removal  of  the  stress.!  £ut  in  steel, 
at  600*^  C,  the  proportion  is  about  15  per  cent. 

The  apparatus  used  was  not  entirely  satisfactory,  having  been  designed  for 
the  pnrpose  of  measuring  larger  strains  than  have  been  dealt  with  in  thiH 
paper.  The  principal  difficulty  lay  in  the  slow  variations  of  temperature  in 
the  bar  and  end  pieces,  which  could  not  be  completely  controlled,  and  which 
produced  changes  of  length  masking  to  some  extent  the  changes  due  to  strees, 
especially  when  the  latter  were  spread  over  considerable  times.  We  cannot 
do  more  at  this  stage,  therefore,  than  assert  the  existence  of  a  lai:ge  time-lag 
between  the  stress  and  the  strain  in  steel  and  iron  at  temperatures  of  600°  C. 
and  over ;  and  tlie  figures  which  we  have  given  must  be  taken  as  indications 
of  its  order  of  magnitude  only. 


*  Dr.  J.  HopkinsoD,  'Original  I^pera,'  vol.  S,  p.  360. 
t  PhillipB,  '  PhiL  Mag.,'  April,  1905,  p.  613. 
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One  effect  of  euch  a  time-lag  will  be  to  cause  diasipatioQ  of  energy  if  the 
material  be  eabjected  to  altomatiug  stress,  for  it  will  lead  to  a  difTerence 
of  phase  between  the  stress  and  the  strain ;  and  the  amount  of  the 
dissipation  will  depend  on  the  period  of  the  osciUationa. 

Gray,  Bunlop  and  Blythe  found  an  increase  in  the  rate  of  decay  of  the 
torsional  oscillations  of  an  irou  wire  as  its  temperature  was  increased  to 
100°  C.  On  the  other  hand,  Horton*  has  found  a  decrease  in  the  rate  of 
decay  under  circumstances  which  were  apparently  the  same,  except  that  the 
period  of  the  oscillations  was  very  much  less  than  in  Gray's  experiments. 
These  results  might  be  reconciled  and  explained  by  the  existence  of  such  a 
time-lag  as  we  have  observed  at  higher  temperatures.  With  our  apparatus 
we  could  detect  no  time*l^  at  temperatures  lower  than  400°  C. ;  but  it  is 
qnite  possible  that  it  exists  to  the  small  extent  necessary  to  account  for  the 
decay  of  oscillations. 

Youngs  Modulus. 

Another  effect  of  "  creeping,"  such  as  we  have  observed,  is  to  make  the 
determination  of  Young's  modulus  a  matter  of  some  uncertainty.  Thus  the 
extension  of  the  bar  at  600°  C.  produced  by  a  given  load  varies  15  per  cent. 
01'  more,  according  to  the  time  of  application  of  the  load.  When,  however, 
the  load  is  applied  for  a  very  short  time,  say  of  the  order  of  one  or  two 
seconds,  the  strain  produced  seems  to  approach  to  a  definite  limiting  value, 
which  is  the  instantaneous  extension  or  contraction  of  the  bar  observed  in 
our  experiments  when  the  load  is  applied  or  removed.  It  seems  reasonable 
to  define  Young's  modulus  for  a  metal  in  this  state,  as  the  stress  divided  by 
this  limiting  instantaneous  strain.  It  is  then  independent  of  the  manner  of 
loading,  and  ia  a  definite  physical  constant ;  otherwise  not.  We  have  shown 
in  Fig.  3  the  relation  between  Young's  modulus,  so  defined,  and  the  tempera- 
ture. The  ordinate  is  the  reciprocal  of  the  instantaneous  extension  produced 
by  the  load  of  112  lbs.  Owing  to  the  effect  of  the  ends,  the  reciprocal  of  the 
extension  is  not  quite  proportional  to  Young's  modulus,  their  ratio  being 
somewhat  greater  at  high  temperatures  than  at  low,  as  already  explained. 
With  regard  to  this  Fig.  it  should  be  noted  that  the  error  in  the  determi- 
nations on  the  cold  bar  and  at  400°  C.  is  probably  not  more  than  about  2  per 
cent  At  higher  temperatures  the  error  is  greater,  as,  owing  to  the  rapid 
drawing  out  of  the  bar,  it  was  difficult  to  be  sure  of  the  instantaneous  exten- 
sion. It  is,  however,  fairly  certain  that  the  ratio  of  Young's  modulus  in  the 
c(dd  bar  and  at  750°  C.  (as  shown  by  the  point  B')  is  not  more  than  10  per 
cent  in  error.  The  points  were  observed  in  alphabetical  order,  and  it  was 
*  ■  PhiL  Tmu.,'  A,  voL  SOI,  p.  1. 
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V 


so*"      400"        500° 
Fto.  8. — Vuiatioii  of  Yoang'B  modulus  with  tempemtore.    Load,  113  11m, 


found  that,  in  spite  of  our  efforts  to  seouie  a  neutral  atmosphere,  the  bar  had 
scaled  somewhat  after  heating  to  750°  C.  This  accounts  for  the  larger  exten- 
sion shown  by  the  point  E,  which  was  token  in  the  cold,  after  heating.  After 
taking  this  point  the  bar  was  taken  out,  cleaned  and  gauged,  when  its  area 
was  found  to  be  reduced  by  about  6  per  cent  Allowing  for  the  reduced  area, 
the  points  E  and  A  are  in  good  agreement ;  but,  of  course,  there  is  some  little 
uuceTtainty  from  Uiis  cause  as  to  the  position  of  the  point  D.  If  the  full 
reduction  of  6  per  cent,  in  the  area  be  allowed  for,  the  corrected  position  is 
at  B',  and  this  is  probably  not  far  from  the  truth. 

In  the  iron  bar  the  change  of  Young's  modulus  with  temperature  was  of 
the  same  character  but  greater.  The  value  in  the  cold  being  taken  as  unit^, 
that  at  600°  C.  was  about  0-6,  while  at  750°  it  was  about  0-5. 
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On  the  Refractive  Ijidex  of  Gaaeous  Fluorine. 
By  C.  CUTHBEBTSON  and  E.  B.  E.  Pkideaux,  M.A.,  B.Sc. 

(Communicatdd  by  Sir  William  Ramsay,  K.C.E,  P.R.S.    B«oeived  Jane  6,— 
Bead  June  6,  1906.) 

(Abstract.) 

The  authors  have  determined  the  refractive  index  of  goseouB  fluorine  for 
sodium  light  by  means  of  Jamin's  refractometer.  Five  experiments  gave 
values  for  the  refractivity  O-l)10«  of  195, 177,  192,  194  and  198^.  The 
discrepancy  exhibited  by  the  second  experiment  can  be  accounted  for,  and  it 
is  believed  that  the  mean  of  the  other  four  experiments,  195,  is  within  2  or 
3  per  cent  of  the  trne  value. 

The  gas  was  prepared  in  a  copper  electrolytic  tube,  similar  to  that  used  by 
M.  Moisaan,  and,  after  being  purified  from  the  vapour  of  hydrofluoric  acid 
and  from  ozone,  was  made  to  displace  dry  air  from  a  refractometer  tube  of 
platinum-indium,  whose  ends  were  closed  by  plates  of  fluorspar.  It  was 
found  by  experience  that  it  was  impossible  to  obtain  the  gas  completely  free 
from  air,  or  oxygen,  produced  during  electrolysis,  and  it  was  necessary,  there- 
fore, to  analyse  the  mixture  of  gases  contained  in  the  refractometer  tube  at 
the  moment  when  the  index  was  observed. 

The  method  employed  for  this  purpose  was  to  bring  the  gases  into  contact 
with  dry  lead  filings  in  a  closed  space,  and  to  estimate  the  volume  of  fluorine 
from  the  contraction.  When  the  refractometer  tube  was  filled  with  the  gases 
produced  by  electrolysis,  it  was  disconnected  from  the  source  of  supply  and 
its  exit  and  entry  tubes  rapidly  connected  with  two  closed  burettes,  half  filled 
with  mercury,  having  at  their  upper  extremities  a  narrow  tube  containii^  a 
lai^  quantity  of  dry  lead  filings.  Each  closed  burette  was  in  communication 
with  an  open  tube,  and  one  was  also  connected  with  a  reservoir  of  mercury. 
The  open  tubes  were  connected  by  a  wire  passing  over  a  pulley,  so  that  when 
one  was  raised  the  other  fell  by  an  equal  height.  By  moving  these  tubes  the 
mixture  of  gases  in  the  refractometer  tube  was  pushed  into  the  tube  containing 
tJie  lead  filings,  where  the  fluorine  was  absorbed  as  lead  fluoride.  As  con- 
traction occurred,  the  pressure  was  equalised  by  letting  in  mercury  from  the 
reeervoir,  and  in  this  manner  the  quantity  of  fluorine  present  was  measured. 
The  oxygen  contained  in  the  residual  gases  was  measured  by  biiming  with 
phosphorus,  and  the  remainder  was  found  to  be  nitrogen. 

Throughout  the  experiments  it  was  observed  that  the  amount  of  oxygen 
present  in  the  current  of  gases  proceeding  from  the  electrolytic  tube  was 
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always  in  excess  of  that  due  to  the  air  present.  After  prolonged  investigation 
it  was  ascertained  that  this  oxygen  was  not  formed  by  the  action  of  fluorine 
on  moisture  in  the  train  of  purifiers,  but  was  produced  by  electrolysis, 
probably  from  wat«r  absorbed  by  the  solution.  Contrary  to  expectation,  this 
water  was  not  electrolysed  away  before  the  fluorine  appeared,  but  persisted 
throughout  the  experiment,  perhaps  owing  to  the  gradual  melting  of  a 
crystalline  solid  in  the  electrolytic  tube. 

In  a  recent  paper,*  one  of  the  authors  has  attempted  to  show  that  the 
refractivities  of  the  different  members  of  the  same  chemical  group  are  related 
in  the  ratios  of  small  inttigers ;  and  it  was  observed  that,  if  this  coincidence 
were  not  due  to  chance,  the  refractivity  of  fluorine  should  bear  to  that  of 
chlorine  the  ratio  of  1  to  4,  which  those  of  neon,  oxygen  and  nitrogen  bear  to 
ai^on,  sulphur  and  phosphorus  respectively.  This  prediction  has  been 
verified.  The  refractivity  of  chlorine  for  sodium  light  is  768,  or  192  x  4;  and 
that  now  found  for  fluorine  is  195,  a  discrepancy  of  1^  per  cent.,  which  is 
well  within  the  limits  of  error  of  the  experiment. 

•  '  Phil.  Trans.,'  A.  vol.  204,  p.  323,  1905. 
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The  Absorption  Spectrum  and  Fluorescence  of  Mercury  Vapour. 

By  W.  N.  Hartley,  D.Sc.,  F.RS. 

(Received  June  16,  1906.) 

Having  undertaken  the  investigation  of  the  absorption  spectra  of  metals  in 
a  state  of  vapour,  the  first  substance  examined  was  meicury,  and  aa  the 
results  are  interesting  I  have  deemed  it  advisable  to  make  them  a  separate 
commmiication  to  the  Society.  F.  P.  le  Boux  describee  the  vapour  of 
mercury  as  having  a  bluish  colour,*  and  according  to  K.  J.  Strutt,  it  transmits 
a  feeble  steel-blue  colour,  but  the  absorption  coefficient  is  amalLf 

JEa^erimmUal. — The  substance  to  be  volatilised  was  contained  in  a  flaak  of 
Heraeus'  quartz-glaes,  with  a  side  tulie  to  the  neck  from  which  the  metal  may 
be  distilled  and  condensed.  To  the  side  tube  a  water-jacket  is  fitted  through 
which  a  constant  stream  of  water  may  be  passed  if  necessary.  The  rays  from 
the  condensed  spark  of  a  pair  of  lead-cadmium  and  tin-cadmium  electrodes 
were  passed  through  the  flask  and  on  to  a  cylindrical  condensing  lens  of 
quartz  which  focussed  the  rays  on  to  the  slit  of  a  quartz  spectrc^raph. 

The  mercury  to  be  used  was  first  purified  by  distillation.  The  photographic 
plates  used  were  various,  auch  as  "  Eainbow  Fast "  Warwick  plates,  Lumi^re 
isochromatic,  yellow-green  sensitive,  and  Cadett  and  Neall's  "Lightnii^ 
Spectrum"  plates.  The  mercury  vapour  in  the  flask  was  at  a  pressure  of 
847  mm.,  the  barometer  standing  at  763  mm.,  but  the  vapour  was  under  a 
pressure  of  a  column  of  84  mm,  of  mercury  above  that  of  the  atmosphere. 
The  temperature  was  about  360'*  C,  the  b.p.  at  760  mm.  being  357°.  The  volume 
of  the  vapour  was  31  cc,  and  its  weight  was  ealciilated  to  be  0'133  gramme. 
The  thickness  of  the  layer  of  vapour  was  37  mm. 

Several  photographs  were  taken,  and  particular  care  was  exercised  so  as  to 
have  both  ends  of  the  spectrum,  ns  well  as  the  central  part,  in  accurate  focus. 
The  developer  used  was  "  imogen  sulphite." 

The  Absorption  Spectrum. — The  whole  rays  were  transmitted  from  the  red 
to  a  point  in  the  ultra-violet  where  there  is  a  tin  line  at  \  2671 '67.  From 
there  to  \  2526'8  there  is  a  very  sharply  defined  and  intense  absorption  band, 
somewhat  d^raded  on  the  side  towards  the  red;  beyond  that  the  rays  are 
transmitted  with  full  intensity  to  a  wave-length  about  2000. 

The  Muoreacence. — When  the  mercury  was  boiling  briskly  the  whole  side 
of  the  flask  nearest  to  the  spark  was  lighted  up  with  a  green  fluorescence ; 

*  'ComptM  BendoB,'  vol.  61,  p.  ]7l,  1860. 

t  '  Hiil.  Mag.'  (6),  vol.  *,  p.  096,  IMS,  and  toL  6,  p.  78,  190S. 
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this  penetrated  aboat  one-third  of  the  apace  within  the  flask,  and  lighted  up 
the  interior.  The  qnartz-glaSB  itself  was  not  fluorescent  in  the  slightest 
degree. 

When  all  the  liquid  mercnry  had  become  converted  into  vapoor,  the 
temperature  no  doubt  rose  above  that  of  the  boiling  mercury,  the  vapoui 
was  (Quiescent,  and  the  fluorescence  ceased.  The  interior  of  the  flask  was 
then  quite  dark.  By  shaking  some  of  the  condensed  cold  mercury  down  into 
the  flask  the  fluorescence  was  resumed  diiwtly  the  liquid  boiled  again,  bat 
the  dropping  of  cold  mercury  into  the  heated  vapour  caused  condensation,  and 
only  after  the  flask  had  a^aia  become  filled  with  the  mercury  vapour  was  the 
fluorescence  fully  displayed. 

When  the  vapour  was  risit^  from  the  boiling  globule  of  mercury  after  the 
cold  metal  had  condensed  all  within  the  flask,  the  vapour  could  be  seen  by  its 
fluorescence  to  nndei^  condensatioD  in  the  upper  part  of  the  vessel  and 
descend  to  the  hotter  space  below. 

It  occurred  to  me  that  the  actual  fluorescence  might  be  associated  with 
oxidation  of  the  vapour,  and  that  it  appeared  only  when  such  chemical  action 
was  taking  place,  but  subsequent  observations  showed  that  this  could  not  be 
the  case,  because  t^e  temperature  was  above  that  when  oxidation  could  occur 
at  the  lime  when  the  fluorescence  was  moat  brilliant,  and  when  it  most  com- 
pletely filled  the  vessel,  and  also  when  the  mercury  vapour  bad  expelled  all 
the  air.  When  the  temperature  rose  above  the  boiling  point  of  mercury  and 
excess  of  liquid  mercury  and  vapour  had  been  expelled  from  the  flask  the' 
fluorescence  ceased. 

This  fact  leads  to  the  inference  that  the  fluorescence  occurs  only  between  a 
lower  and  a  higher  limit  of  temperature.  What  these  small  differences  really 
are  I  bad  no  means  of  determiaiDg.  Having  established  the  fact  that  the 
property  of  selective  absorption  is  possessed  by  small  quantities  of  mercury 
vapour,  it  was  resolved  to  ascertain  whether  the  band  showed  itself  in  solu- 
tions of  mercury  compounds.  As  a  rule  the  absorption  spectra  of  compounds 
differ  from  those  of  the  elements  enterii^  into  their  composition  entirely,  as 
in  the  case  of  the  halogen  compounds  of  the  alkali  metals ;  sometimes  it  is 
a  question  of  degree,  as  in  the  case  of  the  compounds  of  the  rare  earth  metals, 
in  which  similar  bands  are  observed  in  different  salts  of  the  same  metal,  but 
in  different  positions,  which  vary  with  the  molecular  weight  of  the  salts ;  and 
there  are,  still  further,  other  instances  where  the  absorption  bands  of  the 
solutions  are  distinctly  the  properties  of  the  salts,  as  in  the  case  of  the 
chlorides,  bromides,  and  iodides  of  cobalt.  The  salt  chosen  for  examination, 
because  it  is  the  most  definite  and  most  soluble,  was  mercuric  chloride.  It 
was  examined  in  cells  of  40  mm.  thick,  diminishing  to  1  mm.  in  thickness. 
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The  solution  contained  in  the  some  volume  ten  timea  as  much  mereury  as  the 
vapour  whioh  filled  the  flask,  or  1*8  gramme  of  mercuric  chloride  in  31  cc.  of 
water ;  more  dilute  solutions  were  examined  containing  018  gramme  and 
0*018  gramme.  No  absorption  band  was  visible  an  any  of  the  spectra  photo- 
graphed, but  there  was  a  continuous  absorption  at  the  more  refrangible  end  of 
the  spectrum,  which  regularly  diminished  as  the  quantity  of  mercuric  chloride 
in  the  solution  decreased. 

Further  details  are  as  follows : — 

I'S  grammes  of  mercuric  chloride  in  a  cell  40  mm.  thick  tmnsmitted 
all  rays  to  X  2702,  in  1  mm.  to  \  2572 ;  0-18  gramme  in  a  cell  2  mm.  thick 
transmitted  all  rays  to  X  2265 ;  and  0'018  gramme  in  similar  circumstances 
transmitted  very  feebly  to  \  2145. 

The  absorption  band  in  the  vapour  of  mercury  belongs  to  the  vapour,  and  is 
accompanied  by  strong  fluorescence  between  a  certain  maximum  and  minimum 
of  temperature  lying  very  near  to  the  boiling  point. 

In  studying  the  flaorescence  of  solutions  of  organic  compounds  I  have 
shown  thut  it  is  necessary  to  use  the  ultra-violet  rays  and  c[uartz  apparatus,* 
as  it  was  found  that  fluorescence  was  associated  very  generally  with  a 
powerful  absorption  of  rays  in  the  ultra-violet.  It  is  a  question  still 
undecided  whether  the  rays  absorbed  by  mercury  vapour  as  shown  by  the 
band  I  have  measured,  reappear  with  a  lowered  refrangibility  as  yellowish- 
green  light  in  accoi-dance  with  the  law  of  Stokes. 

The  spectra  were  photographed  with  all  due  care  by  my  assistant, 
Mr.  Douglass  Mellon,  A.B.C.Sc.1. 

*  "  ObBerv&tioDS  on  the  Urigin  of  Colour  and  Fluoregcence,'' '  Chem.  Soc  Trana.,'  voL  63, 
pp.  S46— 206,  IB83. 
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By  G.  QuiscKE,  For.  Mem.  R.S,,  rrofessor  of  Physics  in  tlie  Univeraity 

of  Heidelberg. 

(Received  June  19,  1905.) 

In  the  following  p^es  I  have  the  honour  to  lay  before  the  Royal  Suciety 
the  results  of  a  lengthy  research  on  the  formation  of  ice  and  the  grained 
structure  of  glaciers,  which  may  serve  as  a  complement  to  the  previous 
investigations  on  the  same  subject  published  in  the  '  Philosophical 
Transactions'  and  'Proceedings  of  the  Royal  Society'  by  Forbes,  Tyndall 
ftud  Huxley,  Tyndall,  Faraday,  T.  Graham,  J.  F.  Main,  J.  C.  McConnel  and 

D.  A.  Kidd,  and  elsewhere  by  Guyot,  Agaseiz,  James  Thomson,  and  Sir 
William  Thomson  (now  Lord  Kelvin),  Hermann  aud  Adolf  Schlagintweit, 
Person,  Leydolt,  Kudorff,  Berlin,  Grad  and  A.  Dupr^,  Moseley,  A.  Heim, 
J.  T.  Bottomley,  K.  H.  Koch  and  Elocke,  Forel,  Ed.  Hagenbach-Bischoff, 

E.  von  Drygalski,  Mii^e,  H.  Hess  aud  others. 

1.  It  will  be  convenient  at  the  outset  to  define  the  precise  meaning  with 
which  it  is  proposed  to  employ  certain  words,  some  of  which  are  in  vague 
popular  use,  while  others  are  less  familiar  or  new. 

By  an  oily  liquid  will  be  meant  one  which  has  surface  tension  in  the 
common  surface  with  other  liquids  with  which  it  may  be  in  contact.  Accord- 
ing to  this  definition  a  solution  of  any  salt  will,  in  comparison  with  pure 
water  or  a  weaker  salt  solution,  be  called,  under  certain  circumstances,  an 
oily  liquid. 

An  emulsion  is  a  watery  liquid  containing  suspended  drops  of  oily  liquid, 
or  drops  of  any  sort  enclosed  in  an  oily  skin.  These  drops  can  coalesce  into 
lai^r  drops,  or  the  oily  skins  can  join  on  to  one  another,  and  form  a 
continuous  mass  of  bubbles  or  foam.  Thus  foam  consists  of  portions  of 
watery  liquid  enclosed  in,  and  separated  from,  one  another  by  adjacent 
partitions  of  oily  liquid.  Each  space  thus  enclosed  will  be  called  &foam-ctll, 
and  the  enclosing  partition  the  foam>wall.  If  the  foam-cells  are  very  small, 
and  the  fluid  foam-walls  very  thin  (or  invisible),  the  whole  is  then  a  lig;itid 
jelly.  The  jelly  is  stiff,  the  foam  stiff  or  solid,  when  the  walls  or  the  contents 
of  the  foam-cells,  or  both,  have  become  solid. 

"  Nearly  pure"  applied  lo  water  or  ice  will  be  used  in  the  special  sense  of 
"containing  only  very  small  amounts  of  any  salt"  Salt  itself  is  used 
throughout  in  the  general  chemical  sense,  that  is,  not  restricted  to  sodium 
chloride. 
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2.  I  have  allowed  pure  water,  and  water  containing  dissolved  salt,  to 
freeze  in  the  dark  at  varioua  tates,  and  to  melt  away  slowly  in  the  dark,  in 
open  air,  and  in  snnlight  The  ice  prisms  employed  were  from  1  to  1000  mm. 
thick,  and  aa  the  thawii^  proceeded  their  various  layers  were  eystematically 
examined' — sometimes  for  days  together — with  the  naked  eye,  with  the 
microscope,  and  with  polarized  Ugbt.  The  same  appearances  presented  them- 
selves in  the  same  order  as  those  which  for  37  years  past  I  have  investigated 
and  described  in  solutions  of^sUicic  acid,  glue,  or  other  colloids,  when  these  are 
evaporated  to  form  gelatinous  masses  or  thin  films,  and  develop  fissures.  I 
have  shown  that  thin  viscous  oily  films  of  more  concentrated  solution  exist  in 
a  less  concentrated  solution  of  the  same  substance,  and  form  folds,  straight 
and  twisted  tubes,  cylinders  or  cones,  spheres  and  bobbles,  open  and  closed 
foam-cells  with  visible  and  invisible  foam  walls.  Thin  solid  films  behave 
like  films  of  very  viscous  liquid.  Whether  the  oily  films  form  tubes  or 
bubbles  and  foam-cells  joining  on  to  one  another,  depends  on  the  viscosity 
of  the  oily  liquid.  The  mutual  inclination  of  the  foam  walls,  and  their 
surface  tensions,  continually  change  as  the  concentration  of  the  oily  liquid 
chaises,  and  in  the  case  of  invisible  foam-walls  may  depend  also  on  the 
thickness  of  the  oily  filnL  When  the  oily  film  is  very  thin,  its  surface 
tension  diminishes  with  diminishing  thickness  of  the  film.  Oily  foam-walls 
that  are  formed  against  solid  surfaces  are  normal  to  these  surfaces.  If  three 
oily  foam-walls  meet  in  a  common  edge  at  equal  angles  of  120,"  they  have 
equal  surface  tensions. 

The  foam-cells  of  a  liquid  jelly  immersed  in  water  can  increase  or 
diminish  in  volume  by  the  difiHision  of  water  through  the  foam-wall  inwards 
or  outwards,  i.e.,  the  liquid  jelly  can  guidl  or  thriiik.  Two  clots  of  liquid  jelly 
can  coalesce  into  one,  which  does  not  occur  with  clots  of  solid  jelly,  uor  can 
these  latter  swell  or  shrink. 

A  liquid  jelly  becomes  for  the  time  being  positively  or  negatively  doubly 
refracting  when  the  viscous  walls,  or  the  viscous  contents  of  the  foam- 
cells,  are  expanded  or  compressed.  A  jelly  remains  permanently  doubly 
refracting  when  the  walls  or  the  contents  of  the  foam-chambers  solidify  while 
in  an  expanded  condition. 

3.  Now,  ice  is  a  liquid  jelly,  with  foam-walls  of  concentrated  "  oily  "  salt 
solution,  which  enclose  foam-cells  containing  viscous,  doubly  refracting,  pure 
or  nearly  pure  water. 

4.  The  further  the  temperature  falls  below  0°,  t^e  greater  is  the  viscosity  of 
both  liquids — in  the  walls  and  in  the  interior  of  the  foam-cells — and  the  less 
the  plasticity  of  the  ice. 

5.  At  very  low  temperatures  the  ice  breaks  with  conchoidal  fracture 
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at  tiie  snr&ce  of  the  invisible  spherical  foam-walls,  which  as  the  whole  cools 
have  contracted  differently  from  theii  contents. 

6.  The  "  glacier  grains "  are  foam-cells  filled  with  pure  or  nearly  pure  ice, 
and  separated  from  one  another  by  visible  or  invisible  walls  of  oily  salt 
solution. 

7.  The  union  of  two  pieces  of  ice  under  water  ("  Eolation "),  and  the 
increase  in  size  of  the  glacier  grains  as  they  approach  the  lower  end  of  the 
glacier,  correspond  to  the  mnning  together  of  two  gelatinous  clots  (of  ailioio 
Boid,  or  gtne)  containing  liquid  foam-cells  and  liquid  cell-contents.  At  the 
same  time  the  oily  foam-walls  between  the  glacier  grains  become  thicker,  and 
then  get  thinner  again  through  the  draining  away  of  the  liquid  salt  solution 
at  the  foot  of  the  glacier. 

8.  All  water,  even  the  purest,  contains  traces  of  salt.  As  the  water  cools, 
ice  crystals  and  oily  mother  liquor  separate  at  short  intervals,  or  periodically. 
Under  the  influence  of  the  surface  tension,  the  oily  salt  solution  forms 
invisible  foam-walls,  whose  surface  tension  decreases  as  the  thickness  of  the 
walls  and  the  concentration  of  the  salt  solution  diminish.  Otherwise,  as  the 
cooling  proceeds,  the  salt  solution  becomes  continually  more  concentrated, 
and  the  wall  tbinnei.  Finally,  the  concentrated  salt  solution  also  freezes  to 
ice  and  solid  salt  The  value  of  the  surface  tension  determines  the  angles  at 
which  three  walls  meet  in  a  common  edge.  If  three  foam-walls  meet  at 
equal  angles  of  120°,  the  three  walls  have  equal  surface  tensions,  whereas  an 
inclination  of  90°  means  that  fluid  foam-walls  have  been  formed  in  contact 
with  old  and  already  solidified  ones. 

9.  When  water  containing  air  freezes,  the  air,  like  the  salts  dissolved  in 
the  water,  separates  out  at  short  intervals,  or  periodically.  The  white  places 
in  ice,  which  are  those  containing  these  air  bubbles,  are  also  Uie  richest  in 
salt 

10.  As  water  containing  salt,  but  free  from  air,  cools,  the  periodical 
separation  of  ice  and  salt  gives  rise,  alike  in  sea  ice,  in  artificial  ice,  and  in 
Racier  ice,  to  layers  uf  ice  containii^  varying  amounts  of  salt  By  pressure 
or  by  absorption  of  radiation  (sunlight,  electric  light,  or  daylight),  the  parts 
of  the  ice  which  are  rich  in  salt  melt  sooner  than  pure  ice. 

11.  In  sunlight  or  electric  light  furrows  are  formed  at  the  places  rich  in 
salt  on  the  surface  of  sea  ice,  artificial  ice,  and  glacier  ice.  (Forel's  stripea; 
Forbes'  "  dirt  bands " ;  foam-walls  of  the  great  foam-cells  of  the  Kjendal 
Glacier.) 

12.  The  salt  solution  formed  in  sea  ice,  artificial  ice,  or  glacier  ice,  through 
pressure  or  sunshine,  shows,  by  the  hollows  which  it  fills,  the  forms  assumed 
under  the  influence  of  the  surfaoe  tension  by  the  boandary  between  the  oily 
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salt  solution  and  the  water  just  before  the  freezing  of  the  wat«r.  Ab  the  ice 
melts,  it  contracts.  Thus  in  sea  ice  pressure  or  absorption  of  heat  radiatiou 
causes  the  formation,  in  horizontal  layers  parallel  to  the  frozen  surface,  of 
Tjndall's  liquefaction  figures,  vacuous  babbles,  ice  flowers,  and  "  fir  trees  " 
with  branches  meeting  at  120°  and  90°,  just  like  those  obtained  when  colloid 
solutions  are  evaporated  to  dryness,  or  when  salt  solutions  are  allowed  to 
crystallise. 

In  the  case  of  artificial  ice  which  has  been  frozen  in  deep  prismatic 
troughs,  these  liquefaction  figures  are  formed  in  the  diagonal  and  median 
planes  of  the  ice  block,  which  were  the  last  parts  to  freeze,  and  where  the 
mother  liquor  had  accumulated. 

13.  Sea  ice  and  artificial  ice  break  up  in  sunlight  into  little  hexagonal 
prisms  of  clear  ice.  These  sufier  mutual  displacement  the  less  easily  the 
thinner  are  the  fine  foam-walls  (which  have  now  melted  ^ain,  and  which, 
when  the  freezing  took  place,  were  formed  out  of  oily  salt  solution,  normal  to 
the  surface)  and  the  less  salt  the  water  contained  before  freezing. 

The  purer  the  water  was,  the  lai^er  are  these  hexagonal  prisms  or  foam- 
cells. 

14.  The  capillary  fissures  in  transparent  glacier  ice  are  these  fine  foam- 
walls  of  oily  salt  solution. 

15.  When  water  containing  little  salt  freezes  in  deep  metal  troughs 
surrounded  with  strongly-cooled  brine,  the  oily  salt  solution  separates  in  thin 
layers  normal  to  the  surface,  and  forms  bubbles,  foam-cells  clinging  to  one 
another,  or — when  the  oily  liquid  at  low  temperatures  is  very  viscous — folds 
or  hollow  pipes,  which  are  filled  with  pure  or  nearly  pure  ice,  or  with  air  if 
such  were  present  in  thu  water.  The  artificial  ice  is  seen  to  be  traversed  by 
many  horizontal  tubes,  normal  to  the  surface,  which  are  specially  numerous 
in  the  diagonal  and  median  planes  of  the  ice  block,  where  the  mother 
liquor  had  accumulated.  The  less  salt  is  contained  in  the  ice,  the  more 
transparent  are  these  diagonal  and  median  planes  of  the  artificial  ice  block. 

Illumination  with  sunlight  or  daylight  causes  the  appeamnce  of  fresh 
tubes.  The  ice  becomes  more  cloudy,  and  subsequently  more  transparent 
again. 

16.  When  water  containing  air  freezes  in  deep  metal  troughs,  the  upper 
part  of  the  ice  block  shows  horizontal  layers  consisting  alternately  of  trans- 
parent pure  ice  and  of  opaque  salt-containing  ice  with  numerous  air  bubbles. 
The  more  salt  the  water  contains,  the  more  numerous  and  the  closer  are  the 
opaque  layers.  In  sunlight  these  opaque  layers  melt  more  easily  than  the 
transparent  ones,  and  furrows  are  foimed  on  the  surface  of  the  opaque  ice. 

17.  If  the  ice  is  allowed  to  thaw  ^ain  in  a  warm  room,  or  is  exposed  to 
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radiation  (daylight),  the  parts  rich  in  salt  melt  sooner  than  those  which 
contain  little  salt.  The  tubes  of  oily  salt  solution  bulge  and  coil  up,  and  then 
break  up  with  contraction  of  volume  into  spherical  bubbles,  which  may  be 
vacuous  or  filled  with  air.  The  foam-cells  exhibit  the  shapes  like  those  of 
colloids  and  jellies  as  they  swell  or  shrink,  or  those  tree-like  and  branched 
formations  which  I  have  described  in  the  case  of  the  "liquid  precipitates"  of 
metallic  ailicates  and  cyanides.  If  the  capillary  fissures  in  this  opaque  ice 
are  filled  with  very  viscous  salt  solution,  or  if  the  oily  salt  solution  forms  no 
continuous  foam-cells,  it  ctumot  ran  away.  The  ice  remains  white,  as  glacier 
ice  actually  does. 

18.  When  an  ice  block  thaws  onder  the  loog-continued  action  of  daylight, 
there  appear,  in  the  diagonal  and  median  planes  of  the  block,  br^ht  bands 
and  cloudy  bauds,  which  change  their  shape  and  position  as  the  duration  and 
intensity  of  the  radiation  alters.  This  is  due  to  the  formation  of  new  foam- 
walls  of  oily  salt  solution  and  the  disappearance  of  old  ones.  The  angles 
between  the  foam-walls  are  also  seen  to  change,  which  means  that  the  surface 
tension  of  these  walls  is  changing.  Now  as  the  amount  of  salt  in  the  diagonal 
pianos  incieases,  and  the  absorbed  radiation  diminishes,  towards  the  interioi 
of  the  ice,  and  as  further  the  surface  tension  and  viscosity  alter  with  changing 
concentration  and  temperature,  it  follows  Uiat  the  shapes  assumed  by  the  oily 
layers  in  the  interior  of  the  ice  under  the  influence  of  the  surface  tension  also 
undergo  change. 

19.  After  30  to  36  hours,  the  block  of  artificial  ice  had  melted  in  the  warm 
room  to  half  its  original  height  (1  metre),  and  at  the  foot  and  warmer  places 
had  given  way  in  a  pasty  mass.  In  tlie  upper  portion  foam-walls  had  formed 
in  the  pure  ice,  inclined  120°  to  one  another.  In  these,  as  in  the  median  layer 
that  had  thawed  away,  melting  salt  solution  ran  down  for  hours.  At  the 
warmer  places,  and  at  the  thin  uppermost  crust,  glacier  }>rains  were  formed. 
These  were  foam-cells,  5  to  10  mm.  wide,  filled  with  doubly  refracting  ice,  and 
sepamted  from  one  another  by  singly  refracting  foam-walls  of  transparent  salt 
solution.  At  the  junctions  of  the  foam-walls  there  often  lay  tetrahedra, 
hounded  by  spherical  surfaces  and  filled  with  transparent  liquid. 

20.  In  the  diagonal  and  median  planes  of  a  block  of  artificial  ice  (1  metre 
high)  containing  a  certain  very  small  amount  of  salt,  and  exposed  to  a  certain 
intensity  of  radiation,  there  can  be  formed  horizontal  closed  tubes  of  pure  or 
nearly  piu^  ice,  having  rounded  heads  and  sides  bulging  at  places,  and  filled 
with  liquid  salt  solution.  They  slowly  swell,  slowly  break  up  into  separate 
bubbles,  and  then  slowly  pass  away.  They  are  first  formed  low  down,  at 
places  of  high  pressure,  and  afterwards  higher  up,  at  places  of  lovt  pressure. 

21.  When  distilled  water,  free  from  air,  was  frozen  in  iron  troughs,  it  was 
TOL.  LXXYI. — ^A.  2  a 


d  by  Google 


436  Prof.  G.  Quincke.     The  Formation  of         [June  19, 

fouad  at  a  certain  temperature  or  with  a  certain  concentration  of  the  Bait 
solution  and  the  oily  foam-wall,  that  the  walls  and  contents  of  the  closed 
tubes  in  the  lower  part  of  the  median  plane  were  for  some  time  coloared 
yellow.  Subaequently  this  colour  disappeared.  It  was  not  present  when  the 
water  was  frozen  in  brass  troughs.  I  believe  it  was  due  to  ferric  oxide,  which 
was  differenUj  soluble  in  the  walls  and  in  the  liquid  inside  the  foam-cells, 
and  at  a  higher  temperature  became  insoluble  and  sank  to  the  bottom. 

22.  The  phenomena  of  melting  ice  depend  both  on  the  velocity  of  freezing 
and  the  velocity  of  thawing.  The  more  rapidly  the  water  freezes,  the  more 
numerous  are  the  foam-walls,  and  the  smaller  the  foam-cells. 

23.  Very  dilute  solutions  of  different  salts,  when  slowly  frozen  tmder 
similar  conditions,  give  oily  layers  of  varying  viscosity  and  surface  tenuon  or 
spheres,  bubbles,  tubes  and  foam-walle  of  varyii^  form.  I  have  shown  this 
wit^  freshly  boiled  water  containing  0000003  per  cent  of  NaCl,  or  equivalent 
quantities  of  KCl,  KjCOi,  Na^O*,  CaCl^  MgCl,,  Alj(SO«)»  The  water  was 
frozen  in  prismatic  troughs  of  brass  or  tin. 

24.  During  the  freezing  of  water  containing  0*0015  per  cent,  of  NaiSOi, 
and  also  containing  air,  the  sir  separated  at  the  same  time  as  the  mother 
liquor.  The  bounding  surface  between  air  and  almost  solidified,  very  viscous 
liquid,  tends  to  become  as  small  as  possible,  and  rolls  up  together  to  form 
hollow  cylinders,  whose  radii  are  the  smaller  the  more  quickly  the  ice  has 
frozen.  The  water  freezes  the  more  slowly,  the  farther  it  is  from  the  strongly 
cooled  (below  0°)  side  of  the  trough.  The  thin  layers  forming  the  walls  of 
the  tabes  are  normal  to  the  solid  sur&ce  of  the  side  of  the  trough,  or  of  the 
transparent  mantle  of  ice  which  encloses  the  mother  liquor.  They  frequently 
form  cylindrical  or  conical  tubes,  6  to  12  mm.  long,  with  a  whitish  skin,  and 
filled  with  air.  Their  axes  are  normal  to  the  surface,  and  their  pointed  ends 
are  directed  towards  the  outer  side  of  the  ice  mantle.  At  the  base  of  the 
tubes,  which  may  be  0*5  to  2  mm.  wide,  there  hangs  a  whitish  hollow  sphere 
inside  the  mother  liquor. 

25.  On  slowly  freezing  water  containing  from  000014  to  00014  per  cent, 
of  Na3S04  or  0*003  per  cent,  of  NaCl,  it  happens  at  times  that  the  mother 
liquor,  which  is  surrounded  by  a  transparent  mantle  of  ice,  contains  numerous 
flat  crystalline  plates  of  pure  ice.  These,  by  their  shape,  position  and 
inclination  to  one  another,  clearly  show  that  they  have  been  formed  from 
thin  oily  foam-walls  of  pare  water,  which,  as  the  cooling  proceeded,  have 
separated  from  the  watei7  salt  solution,  and  then  solidified. 

26.  When  a  test  tube,  containing  boiling  distilled  water,  is  plunged  into 
liquid  air,  the  water  freezes  very  quickly  to  a  milky-white  mass  of  ice,  with 
fissures  normal  to  the  surface  of  the  glass.    If  the  test-tube  with  the  white 
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ice — the  whole  being  now  cooled  down  to  - 190° — ie  plunged  into  distilled 
water,  it  becomes  coated  ou  the  outside  with  a  thin  crust  of  ice,  which  can  be 
detached  with  a  knife,  and  examined  in  a  watch  glass  under  the  polarising 
microscope.  It  conBiste  of  small  glacier  grains  or  foam-cells  (01  to  0*2  mm.  in 
diameter)  whose  flat  walls  are  normal  to  the  cylindrical  surface,  and  are 
inclined  to  one  another  at  angles  of  120°,  110°  and  so  on.  The  interior  of 
each  foam-cell  contains  a  crystal  of  ice,  which  in  the  diSbrent  cells  is 
differently  orientated.  When  the  ice  in  the  test-tube  is  crushed  with  a  steel 
point,  it  exhibits  a  fibrous  fracture,  with  fine  fibres  normal  to  the  cylindrical 
surface.  Occasionally  in  the  cross-section  are  seen  concentric  cylinders 
composed  alternately  of  transparent  and  of  white  ice.  The  latent  heat  of  the 
slowly  freezing  water  diminishes  the  loss  of  heat,  and  the  velocity  of  cooling 
changes.  The  ice  in  the  transparent  layers  was  frozen  slowly,  that  in  Uie 
opaque  ones  quickly.  Ab  this  ice  thaws  in  a  watch  glass  under  the  polarising 
microscope,  t^e  lumps  of  quickly-frozen  white  ice  exhibit  immense  numbers 
of  strings — arranged  radially  alongside  one  another — of  spheres  and  lenticular 
masses,  O'Ol  to  0*02  mm.  in  thickness,  consisting  of  very  nearly  pure  water 
In  each  sphere  there  was  a  vacuous  bubble  0*0006  mm.  in  diameter. 

27.  Slowly-frozen  water  showed,  on  thawing,  similar  strings  of  (liquid) 
spheres  and  lenticular  masses  (of  larger  size,  viz.,  0*04  to  0*12  mm.  diameter), 
normal  to  the  surface  of  the  block  of  ice.  These  spheres  and  lens-shaped 
masses  had  been  formed  out  of  solid  or  hollow  cylinders,  or  long  thin  conea 
with  local  swellings  or  bulgings.  Frequently  lens-shaped  masses  bounded  by 
two  spherical  surfaces  lay  in  a  thin,  flat,  spiral  or  warped  foam-wall. 

28.  The  fibres  and  cylindrical  or  conical  tubes,  like  the  tubes  filled  with 
air,  are  formed  out  of  thin  layers  of  very  viscous,  oily  liquid,  which,  as  the 
cooling  proceeded,  separated  oat,  normal  to  the  surface,  and  under  the 
influence  of  the  surface  tension  rolled  up,  being  unable,  by  reason  of  excessive 
viscosity,  to  form  spheres  or  bubbles. 

29.  When  the  thawing  has  gone  on  for  a  long  time,  fewer  foam-walls 
and  lai^r  foam-cells,  or  glacier  grains,  appear  in  the  lumps  of  ice.  The 
strings  of  liquid  spheres,  normal  to  the  surface,  show  an  increase  in  the 
size  of  the  spheres,  caused  by  the  coalescence  of  the  small  spheres  in 
the  doubly-refracting  mass  of  ice  into  larger  ones.  An  increased  amount 
of  salt  in  the  ice  assists  this  coalescence.  The  tubes  or  strings  of  spheres 
could  often  be  followed  continuously  through  several  glacier  grains.  The 
partition  walls  of  the  glacier  grains,  when  illuminated,  often  show  hundreds 
of  small  lens-shaped  masses  of  the  same  or  gradually  diminishing  size. 

30.  By  repeated  fractional  freezing  and  melting  of  the  ice  crystals  formed, 
continually  purer  and  purer  ice  is  obtained,  with  increasingly  large  foam- 
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cells  or  glacier  grains.  I  have,  however,  not  yet  succeeded,  even  hy 
repoated  slow  freezing,  in  obtaining  ice  free  from  fosm-wallB  or  from  glacier 
grains. 

31.  A  block  of  transparent  ice  was  cut  through,  as  described  by  Bottomley, 
with  a  loaded  wire  loop.  The  loop  was  of  steel  wire,  or  of  platinum  wire 
previously  heated  to  lednese,  and  carried  2  kilogrammes  or  more.  In  no 
case  was  the  plane  of  section  tranapatent,  but  always  opaque  fioai  the 
presence  of  solidified  foam  bubbles  of  oily  salt  solntion,  possessing  refractii^ 
power  different  from  that  of  their  sorroundiuga 

32.  Each  separate  glacier  grain  in  artificial  ice  contains  a  differently 
orientated  crystal  of  ice,  whose  optic  axis  is  very  seldom  normal  to  the 
surface  of  the  ice.  When  in  natural  sea  ice  the  optic  axes  of  the  separate 
crystals  in  the  different  grains  are  found  to  be  normal  or  parallel  to  the 
free  surface  of  the  water,  the  separation  of  orientated  crystals  of  ice  may 
have  been  started  by  the  contact-action  of  ice  crystals  or  snow  flakes  falling 
on  the  surface  of  the  super-cooled  water,  and  swimming  thereon  in  a 
horizontal  position. 

33.  The  more  slowly  artificial  ice  has  frozen,  and  the  less  salt  it  contains* 
the  more  transparent,  rigid,  and  difficult  to  cut  with  a  knife  it  is. 

34  Every  block  of  artificial  ice  cleaves,  on  pressure  with  a  steel  point, 
along  the  diagonal  and  median  planes,  in  which,  as  the  ice  crystals 
separated  out  on  freezing,  the  mother  liquor  became  more  concentrated 
through  holding  the  traces  of  salt  dissolved  in  a  continually  diminishing 
volume  of  liquid. 

35.  The  planes  of  easiest  cleavage  in  natural  ice  crystals  (laminated 
structure,  displacement  without  bending)  are  due  to  invisible  layers  of 
liquid  salt  solution  which  are  embedded  in  the  crystals,  normal  to  the  optic 
axis,  or  often  in  other  positions. 

36.  Ice  crystals  at  temperatures  below  0°  consist  of  doubly-refracting 
viscous  liquid,  and  are  intermediate  between  the  soft  crystals  of  serum 
albumen  snd  ordinary  crystals  of  quartz,  felspar,  etc 

37.  At  the  edge  of  Tyndall's  liquefaction  figures,  while  they  are  in  process 
of  enlarging,  or  on  the  bursting  of  the  foam-walls  of^artificial  ice  as  it  melts, 
one  often  sees  periodic  vortex  movements.  These  arise  from  a  periodic 
capillary  spreading  out  ("  Aushreitung ")  of  the  salt  solution  of  the  foam- 
walls  at  the  boundary  between  pure  water  and  air  or  vacuum. 

38.  Tyndall  and  Huxley  observed  in  white  glacier  ice  transparent 
lenticular  masses  bounded  by  spherical  surfaces.  These  were  foam  bubbles 
of  water  free  from  air,  which  were  enclosed  in  a  thin  skin  of  oily  salt 
Bolution  and  had  solidified  while  embedded  in  such  a  skin. 
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39.  The  blue  bands  in  glacier  ice  conBiat  of  pure  ice,  while  the  white 
bands  are  composed  of  ice  containing  salt  and  air  bubbles.  They  are  formed 
by  the  periodical  action  of  solar  radiation  and  by  changing  pressure,  or  by 
the  slow  descent  of  the  portdona  rich  in  salt,  or  by  the  slow  ascent  of  air 
bubbles  in  the  vigcous  liquid  of  the  glacier  ice. 

40.  The  ioe  of  the  snow  flakes  which  fall  on  the  upper  part  of  the  ^^acier 
becomes  fertilised  with  inorganic  salts  derived  from  disint^jtated  rocks, 
and  is,  as  it  were,  hatched  out  by  the  sun's  rays,  forming  "  n^vi "  or  "  fim  " 
snow  and  glacier  grains,  or  foam-cellB  filled  with  ice  in  the  glacier  proper. 
The  glacier  ice  travels  on,  rolling  (or  "  wallowing ")  slowly  downwards  as  a 
living  river  of  ice.  Its  skeleton  of  liquid  salt  solution  changes  the  while, 
and  forms  new  and  larger  foam-cells,  which,  at  the  lower  end  of  the  glacier, 
perish,  disappear,  and  flow  away  as  the  water  of  the  glacier  stream. 
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Line  of  Sight,  upon  the  Constitution  of  a  i%)ec(ntm  Line. 

By  LoED  Bayuhgh.  O.M.,  F.R.S. 

(Boceived  July  1,  190S.) 

Apart  from  the  above  and  other  causes  of  diatuibauce,  a  line  in  the 
Bpectrom  of  a  radiating  gas  would  be  infinitely  tiarrow.  A  good  many  years 
1^0*  in  connection  with  some  estimates  by  Ebert,  I  investigated  the  widening 
of  a  line  in  consequence  of  the  motion  of  molecules  in  the  line  of  s^ht, 
taking  as  a  basis  Maxwell's  well-known  law  leepecting  the  distribution  of 
velocities  among  colliding  molecules,  and  I  calculated  the  number  of  inter- 
ference-bands to  be  expected,  upon  a  certain  supposition  as  to  the  degree  of 
contrast  between  dark  and  bright  parts  necessary  for  visibility.  In  this 
investigation  no  regard  was  paid  to  the  collisions ;  the  vibrations  issuing  from 
each  molecule  beii^  su[^)osed  to  be  maintained  with  complete  regularity  for 
an  indefinite  tima 

Although  little  is  known  with  certainty  respecting  the  genesis  of  radiation, 
it  has  long  been  thought  that  collisions  act  as  another  soui-ce  of  disturbance. 
The  vibrations  of  a  molecule  are  supposed  to  remain  undisturbed  while  a  free 
path  is  described,  but  to  be  liable  to  sudden  and  arbitrary  alteration  of  phase 
and  amplitude  when  another  molecule  is  encountered.  A  limitation  in  the 
number  of  vibrations  executed  with  r^ularity  necessarily  implies  a  certain 
indeterminateness  in  the  frequency,  that  is  a  dilatation  of  the  spectrum  line. 
In  its  nature  this  effect  is  independent  of  the  Doppler  effect — for  example,  it 
will  be  diminished  relativdy  to  the  latter  if  the  molecules  are  smaller ;  but 
the  problem  naturally  arises  of  calculating  the  conjoint  action  of  both  cansee 
upon  the  constitution  of  a  spectrum  line.  This  is  the  queation  considered  by 
Mr.  C.  Godfrey  in  an  interesting  paper,t  upon  which  it  is  the  principal  object 
of  the  present  note  to  comment  The  fonnuUe  at  which  he  arrives  are  some- 
what complicated,  and  they  are  discossed  only  in  the  case  in  which  the 
density  of  the  gas  is  reduced  without  limit.  According  to  my  view  this 
should  cause  the  inSuence  of  the  collisions  to  disappear,  so  that  the  results 
should  coincide  with  those  already  referred  to  where  the  collisions  were 
disr^arded  from  the  outset  Kevertheless,  the  results  of  the  two  calculations 
differ  by  10  per  cent,  that  of  Mr.  Godfrey  giving  a  narrower  spectrum  line 
than  the  other. 

*  'PhiL  M&g.,'  vol.  S7,  p.  S98, 188S  ;  '  Sdentific  Papers,'  vol  3,  p.  S58. 

t  "On  the  Application  of  Fourier's  Double  IntegraU  to  Optic&l  Problema,  'Phil. 
Tiane.,'  k,  toL  ISO.  p.  329, 1899. 
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The  difference  of  10  per  cent  is  not  of  much  importance  in  itaelf,  but  a 
discrepancy  of  this  kind  involves  a  subject  in  a  cloud  of  doubt,  which  it 
is  desirable,  if  possible,  to  dissipate.  Mr.  Godfrey  himself  characterises  the 
discrepancy  as  paradoxical,  and  advances  some  considerations  towards  the 
elucidation  of  it  I  have  a  strong  feeling,  which  I  think  I  expressed  at  the 
time,  that  the  10-per-cent.  correction  ia  inadmissible,  and  that  there  should  be 
no  ambiguity  or  discontinuity  in  passing  to  the  limit  of  free  paths  infinitely 
long.  In  connection  with  some  other  work  I  have  recently  resumed  the 
consideration  of  the  question,  and  I  am  disposed  to  think  that  Mr.  Godfrey's 
calculation  involves  an  error  respecting  the  way  in  which  the  various  free 
paths  are  averaged. 

The  first  question  is  as  to  the  character  of  the  spectrum  line  corresponding 
to  a  r^ular  vibration  which  extends  over  a  finite  interval  of  time.  As  the 
energy  lying  between  the  limits  n  and  n  +  dn  of  frequency  (or  rather 
inverse  wave-length),  Mr.  Godfrey  finds  from  Fourie^s  theorem 

'J^SSdn.  (1) 

r  denoting  the  finite  length  of  the  train  of  waves,  and  n  being  measured  from 
that  value  which  would  be  dominant  if  r  were  infinitely  long.  For  the  total 
eneigy  of  all  wave-lengths  we  have 

^dn  =  -,A:  (2) 


\y 


That  the  total  energy  should  be  proportional  to  r  is  what  we  would  expect. 
The  maxtn^um  coefficient  in  (1)  occurs,  of  course,  when  n  =  0,  and  is  propor- 
tional to  r* ;  once  proportional  to  r  on  account  of  the  greater  total  energy  as 
given  in  (2),  and  again  on  account  of  the  greater  condensation  of  the 
spectrum  as  r  increases.  Expression  (1)  may  be  taken  to  represent  the 
spectrum  of  the  radiation  from  a  single  molecule  which  describes  in  a  given 
direction  and  with  a  given  velocity  a  free  path  proportional  to  r.  If  there 
be  N  independent  molecules  answering  to  this  description,  N  may  be  intro- 
duced as  a  factor  into  (1).  From  this  expression  Mr.  Godfrey  proceeds  to 
investigate  the  spectrum  corresponding  to  the  a^regate  radiation  of  the  gas, 
integrating  first  for  the  different  lengths  (r)  of  parallel  free  paths  described 
with  constant  velocity,  and  afterwards  for  the  various  component  velocities 
across  and  in  the  line  of  sight,  the  latter  giving  rise  to  the  Doppler  efi'ect. 
It  is  with  the  first  of  these  integrations  that  I  am  more  particularly 
concerned. 

In  order  to  effect  it,  we  need  to  know  the  probabilities  of  the  various 
lengths  of  free  path  described  with  given  velocity.     "  Now,  Tait  has  shown 
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that,  of  all  atoms  moviDg  with  velodty  v,  a  fraction  e--*  penetrates  unchecked 
to  distance  p  where  /is  [a  function  of  v  and  of  the  permanent  data  of  the 
gas].  From  this  we  see  that,  of  molecules  moving  with  velocity  v,  a  fraction 
fe-ffdp  have  free  paths  between  p  and  p  +  dp.  Now,  such  a  molecule  will 
emit  an  undisturbed  train  of  waves  of  length  between  r  and  r  +  dr, 
where  r  =  p.  V/u,  and  V  is  the  velocity  of  light  Hence,  of  all  molecules 
moving  with  velocity  v,  a  ^-action  (/v/ V)«  ~  ""^^  will  give  free  paths 
between  r  and  r  +  dr.  Betuming  to  the  expression  (1)  for  the  energy  of  a 
single  train  of  length  r,  we  see  that  with  the  aggr^tes  of  molecules  now 
under  consideration  (definite  thwart  and  line-of-sight  velocities)  we  have  for 
n  a  proportion  of  energy 


•■vj, 

or,  on  effecting  the  integration, 


___  I   e-^firf  sin'  nTTT .  dr," 


2^1^  /«\» 

The  next  steps  are  integrations  over  the  various  velocities,  but  it  is  not 
necessary  to  follow  them  here  in  detail,  inasmuch  as  the  objection  which  I 
have  to  take  arises  already.  It  appears  to  me  that  what  we  are  concerned 
with  is  not  the  momentary  distribution  of  free  paths  among  the  molecules 
which  are  describing  them,  but  rather  the  statistics  of .  the  various  free  paths 
(described  with  velocity  v)  which  occur  in  a  relatively  long  timr.  During  this 
time  various  free  paths  occur  with  frequencies  dependent  on  the  lengths. 
Fix  the  attention  on  two  of  these,  one  long  and  one  short  They  present 
themselves  in  certain  relative  numbers,  or  say  in  a  certain  proportion,  and  it 
is  with  this  proportion  that  we  have  to  do.  The  other  procedure  takes,  as  it 
were,  an  instantaneous  view  of  the  system  and,  surveying  the  molecules, 
inquires  what  proportions  of  them  are  pursuing  free  paths  of  the  two  lengths 
under  contemplation.  It  is  not  difficult  to  recognise  that  this  is  a  difierent 
question.  Of  the  paths  which  are  described  in  a  given  period  of  time,  an 
instantaneous  survey  is  more  likely  to  hit  upon  a  loug  one  than  upon  a  short 
one.    Thus  Mr.  Godfrey's  integration  favours  unduly  the  long  paths. 

The  above  consideration  indicates  that  we  ought  to  divide  by  r  previously 
to  int^ration,  that  is,  evaluate 

(4) 


*  Mr.  Godfrey's  expreBaion  (iii)  differs  somewhat  from  (3).    A  4)1*  appean  to  have  been 
tempotarily  dropped,  but  this  is  not  material  for  my  present  purpose. 
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we  find 

dif_     2a 

da      4a»+e'' 
and 

Hence 

in  place  of  (3). 

It  must  be  remarked,  however,  that  an  over-valuation  of  long  paths 
relatively  to  shorter  ones  which  all  correspond  to  the  same  velocity 
would  not  of  itself  explain  the  10-per-cent  discrepancy ;  for,  when  the  gas  is 
infinitely  rare,  all  the  paths  must  be  considered  to  be  infinitely  long,  and 
then  the  proportion  of  relatively  loiter  and  shorter  paths  becomes  a  matter  of 
indifference.  In  fact  (3)  should  give  the  correct  result  in  the  limit  (/=  0), 
even  though  it  be  of  erroneous  form  as  rejects  n,  provided  a  suitable 
function  of /and  v  be  introduced  as  a  factor.  If  we  integrate  (3)  as  it  stands 
with  respect  to  n  between  the  limits  —  oo  and  +  « ,  we  obtain 

^-  w 

But  this  should  certainly  be  independent  of  /.  I  think  that  if  we  introduce 
the  factor  vf  into  (3),  Mr.  Godfrey's  analysis  would  then  lead  to  the  same 
result  as  is  obtained  by  neglecting  the  influence  of  collisions  ah  initio. 

It  may  be  convenient  to  recite  the  constitution  and  visibility  of  a 
spectrum  line  accordiug  to  the  simple  theory,  where  the  Doppter  effect  is 
alone  r^arded.  If  f  be  the  velocity  of  a  molecule  in  the  line  of  sight,  the 
number  of  molecules  whose  velocities  in  this  direction  lie  between  f  and 
f  +  rff  is,  by  Maxwell's  theory, 

.-x-rff.  (7) 

According  to  Doppler's  principle  the  reciprocal  wave-length  of  the  light 
received  from  these  molecules  is  changed  from  A~',  corresponding  to  f  ^  0, 
to  A~'  (1  +  f/V),  V  being  the  velocity  of  light.  If  a;  denote  the  variation  of 
reciprocal  wave-length,  x  =  A~'f/V,  and  the  distribation  of  light  in  the 
dilated  spectrum  line  may  be  taken  to  be 

g-kVAVfl^_  (8) 

When  this  light  forms  interference-hands  with  relative  retardation  D,  the 
"  visibility  "  accorded  te  Michelson's  reckoning  is  expressed  by 
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that  is 

«-ivii.-  (9) 


If  f  be  the  velocity  of  mean  square,  od  wMch  the  pressure  of  the  ( 
depeode. 


In  terms  of  v  the  expooeat  m  (8)  is 

2«'     ■ 

and  that  in  (9)  is 

_2jVD" 
3V"A"  ■ 


(10) 

(11) 
(12) 


An  Experiment  with  the  Balance  to  Find  if  Change  of  Temperature 

has  any  Effect  upon  Weight. 

By  J.  H.  PoTNTiNG,  8c.D.,  F.RS.,  and  Pkrct  Phiuipb,  M.Sa 

(Received  July  12,  1905.) 

In  ftll  the  experimentB  hitherto  made  to  determine  the  giavitative 
attraction  between  two  masses,  the  temperature  has  not  varied  more  than  a 
few  d^rees,  and  there  are  no  results  which  would  enable  us  to  detect  with 
certainty  any  dependence  of  attraction  upon  temperature  even  if  such 
dependence  exists.  It  is  true,  as  Professor  Hicks  has  pointed  out,*  that 
Sally's  results  for  the  Mean  Denai^  of  the  Earth,  if  arranged  in  the  order 
of  the  temperature  of  the  apparatus  when  they  were  obtained,  show  a  fall 
in  value  as  the  temperature  rises.  But  this  is  almost  certainly  some 
secondary  effect,  due  to  errors  in  the  measurements  of  the  apparatus,  or  to 
the  seasons  at  which  different  attracted  mBflses  were  u8ed.f 

The  ideal  experiment  to  find  if  temperature  has  an  effect  on  gravitation 
would  consist  in  one  determination  of  the  gravitative  attraction  between  two 
masses  at,  say  15°  C,  and  another  determination  at,  say,  the  temperature  of 
boiling  liquid  air.  But  the  difficulties  of  exact  determination  at  ordinary 
temperatures  are  not  yet  overcome,  and  at  any  very  high  or  very  low 
temperatures,  they  would  be  so  much  increased  that  the  research  seems  at 
present  hopeless. 

The  question  can,  however,  be  attacked  in  a  somewhat  lees  direct  method 
by  examining  whether  the  weight  of  a  body — the  gravitative  attraction  of 
the  earth  upon  it — varies  when  the  temperature  of  the  body  varies.  The 
various  parts  of  one  of  the  attracting  masses — the  Earth — remain,  each  part, 
at  the  same  temperature  throughout,  and  this  is,  no  doubt,  a  weakness  of  the 
method.  For  it  is  perhaps  conceivable  that  in  the  expression  for  the 
attraction  a  temperature  factor  might  exist  of  some  such  form  aa 
1  +  «(Mf  +  m(')/(M  +  m),  where  M  and  m  are  the  two  masses,  and  t  and  t' 
are  their  temperatures.  If  m/M  is  negligible,  this  reduces  to  1  +  «i,  and  is 
independent  of  the  temperature  t'  of  the  smaller  mass.  But  it  seems  more 
likely  that  each  mass  would  have  a  separate  temperature  factor.  If  such  a 
factor  exists,  and  if  its  variation  is  appreciable,  then  we  ought  to  be  able  to 
detect  a  change  of  weight  with  change  of  temperature. 

Observations  on  pendulums  suffice  to  show  that  at  the  most  any  such  effect 

•  '  Proc.  Camb.  Phil  Soc,"  vol.  6,  p.  156. 

t  Fo7nting,  "  Mean  Dennit;^  of  the  Earth,"  p.  BB. 
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must  be  small.  The  nearly  constant  period  of  vibration  with  the  nearly 
constant  length  of  a  compensated  or  an  "  invar  "  pendulum  shows  conatancy 
of  weight  of  the  bob  to  a  considerable  d^ee  of  exactness.  Again,  the 
^reement  of  weight  methods  and  volume  methods  of  measnring  the  expau- 
sioD  of  liquids  with  rise  of  temperature,  show,  thpugh  leas  conclusively,  that 
there  is  no  great  variation. 

It  appeared  to  us  that  it  would  be  possible  to  go  much  further  in  testing 
constancy  of  weight  by  a  direct  weighing  experiment,  in  which  the  weight 
on  one  side  of  a  balance  should  be  subjected  to  great  changes  of  temperature 
while  the  counterpoise  should  remain  at  a  uniform  temperature.  We  give 
an  account  in  this  paper  of  a  series  of  experiments  carried  out  on  the 
following  principle  A  brass  cylioder  weighing  266  grammes  was  hung  by  a 
wire  from  one  arm  of  a  balance  so  as  to  be  near  the  bottom  of  a  tube 
depending  from  the  floor  of  the  balance  case,  the  tube  being  closed  at  the 
bottom  and  opening  at  the  top  into  the  case,  the  wire  passing  down  through 
the  opening.  The  brass  cylinder  was  counterpoised  by  an  equal  cylinder 
hung  by  a  short  wire  from  the  other  arm  inside  the  casa  To  this  short  wire 
was  attached  a  finely  divided  scale  on  which  the  swings  of  the  balance  could 
be  read  by  a  microscope  looking  through  a  window  in  the  case.  The  balance 
was  released  and  left  free  to  swing.  Then  the  case  was  exhausted  till  the 
pressure  was  not  more  than  a  small  fraction  of  a  millimetre  of  mercury. 
Steam  was  paased  round  the  lower  part  of  the  tube  where  the  weight  hung, 
and  after  a  time  the  weight  was  allowed  to  cool  f^in.  In  other  experiments 
the  lo^er  part  of  the  tube  was  cooled  by  liquid  air  and  again  brought  up  to 
the  temperature  of  the  room. 

While  the  changes  of  temperature  were  in  progress  there  were  considerable 
appareot  variations  in  weight  But  ultimately,  when  the  temperature  became 
steady,  the  weight,  too,  became  steady.  At  100°  C.  it  was  slightly  less  than  at 
the  temperature  of  the  room.  This  difference  was  partly  due  to  a  rise  in  the 
temperature  of  the  case,  such  a  rise  being  always  accompanied  by  an  apparent 
diminution  of  the  weight  in  the  tube,  whether  steam  was  applied  or  the 
balance  was  merely  left  to  follow  the  temperature  of  the  room.  Probably  this 
effect  was  due  to  aome  change  in  the  balance  beam.  But  the  difference  was 
partly  due  to  convection  currents,  or  at  any  rate  to  the  residual  air  in  the 
case,  for  it  varied  with  the  disposition  of  diapbr^ms  in  the  tube.  There 
were  no  doubt  convection  currenta,  as  there  was  always  a  tendency  for 
the  case  to  rise  in  temperature  when  steam  was  applied,  and  this  could  hardly 
be  accounted  for  by  conduction  or  radiation,  under  the  conditions  of  the 
apparatus.  As  effects  due  to  residual  air  should  depend  upon  surface  and  not 
upon  volume,  similar  experiments  were  made  with  hollow  weights,  each 
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about  58  grammes,  and  of  the  same  size  and  form  as  tho  solid  weights.  There 
was  again  an  apparent  diminution  in  weight  when  steam  was  applied.  Any 
true  diminution  due  to  change  of  temperature  should  be  shown  by  a 
difference  in  the  diminution  with  the  solid  and  with  the  hollow  weights, 
the  surface  effects  being  eliminated,  and  this  diminution  should  be  that  of 
266-58  =  208  grammes. 

The  net  result  of  all  the  experiments  was  that  there  was  not  a  greater 
chai^^  in  208  grammes  between  lo°  C.  and  100"  C,  than  0'003  milligramme. 
But  an  inspection  of  the  detailed  account  given  later  shows  that  this  result  is 
probably  accidentally  small — within  the  limits  of  experimental  error.  It 
would  imply  that  there  is  not  a  change  greater  than  1  in  6  x  10*  per  1°  C. 
But  the  experiments  hardly  justify  us  in  saying  more  than  that  there  is  not 
a  change  greater  that  1  in  10'  per  1°. 

When  liquid  air  was  used,  air  currents  were  absent,  and  the  temperature 
variations  of  the  case  were  much  less.  The  net  result  of  these  ezpeiiments 
was  that  there  is  not  a  change  of  weight  in  208  grammes  between  16°  C.  and 
— 186°  C.  greater  than  0'002  milligramme.  This  would  imply  that  there  is  not 
a  change  greater  than  1  in  1'3  x  10">  per  1'  change  of  temperature.  We  may 
probably  assert  thai  the  change  is  not  greater  than  1  in  ID*"  per  1°  C. 

We  now  proceed  to  a  detailed  account  of  the  apparatus  and  of  the  mode  of 
using  it. 

TheS(Uanet. 

The  balance  has  a  6-incIi  beam  and  was  specially  constructed  for  the 
experiment  by  Mr.  OertUng.  The  general  arrangement  will  be  seen  from 
fig.  1.  The  base  plate  is  of  gunmetal,  as  are  also  two  sides  and  the  top  of  the 
easa  The  front  and  back  of  the  case  are  of  thick  plate  glass  fixed  to  che 
metal  by  muine  glua  In  the  experiments  the  base  plate  was  supported  on 
levelling  screws  on  a  slate  slab,  and  between  it  fmd  the  slab  was  a  gas  pipe 
with  pinhole  burners  so  that  it  could  be  warmed.  When  the  case  was  to  be 
fixed  in  position  the  jets  were  lighted  and  sealii^  wax  waa  smeared  on  to  the 
area  of  contact  of  plate  and  casa  When  the  wax  was  quite  liquid  the  case 
was  put  down  on  the  plate  and  the  gas  was  turned  oft  When  the  metal  was 
cool  the  joint  was  perfectly  air-tight. 

The  tube  T  in  which  the  weight  W  hung  was  of  brass,  4*1  cm.  internal 
diameter  and  62'5  cm.  long.  It  consisted  of  three  parts.  The  topmost  was 
brazed  to  the  base  plate  and  the  two  lower  parts  were  attached  to  it  and  to 
each  other  by  flanged  joints  j^.  Between  the  flanges  was  placed  a  circular 
lead  washer  of  diamond  shaped  section.  When  the  flanges  were  pressed 
together  by  bolts  the  joint  was  quite  air-tight.    Bound  the  middle  section  of 
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the  tube  was  a  water  jacket  wtj  through  which  water  flowed  while  an 
experiment  was  in  progress,  and  round  the  lowest  section  was  a  steam  jacket 
sj  through  which  either  water  or  steam  could  he  passed.  This  jacket  could 
be  removed  and  could  be  replaced  by  a  vacuum  vessel  30  cm.  long 
containing  liquid  air. 


W,  weight  of  which  the  temperature  is  to  be  raised,  W  counterpoiae. 

T,  tube  in  which  it  hangs,  with  a  number  of  diaphragms  with  ^inch  holes. 

f;,  steam  jacket,  repktced  bj  liquid  air  jacket 
//,  flanged  joiut  with  lead  washer. 
wj,  water  jacket 

p,  pipe  to  the  exhausting  pump. 
sc,  scale  read  by  a  microscope  not  shown. 

rr,  rider  rod  pasnng  through  stufling  boxes,  ib,  enlarged  in  Bg.  2. 
gg,  gaa  burners  to  heat  the  base  plate  before  sealing  up. 

The  weights  W  W  were  turned  from  the  same  gunmetal  bar.  The  length 
of  each  was  4'4&  ool  the  diameter  3  cm,  and  the  solid  weights  were  each 
266-17  grammes,  while  the  hollow  ones  were  57*86  gmmmes.  They  were  hung 
directly  from  the  end  plates  of  the  balance  by  platinum  wires,  and  any 
teeidual  inequality  was  compensated  by  moving  a  centigramme  rider  along  the 
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beam  by  the  rider  rod  rr.  This  rod  passed  through  stuffing  boxes  ah,  designed 
for  us  by  Mr.  G.  0.  Harrison,  the  mechanical  assistant  in  the  laboratory,  to 
whom  we  are  much  indebted  for  this  and  many  other  valuable  suggestions, 
and  for  the  careful  construction  of  all  the  apparatus  except  the  balance. 
These  atufdng  boxes  were  perfectly  air-tight  when  screwed  up  and  the  rod 
could  stall  be  rotated  without  any  leakage.  But  to  draw  it  in  or  out  it  was 
necessary  to  loosen  tiie  screws  slighUy,  and  in  one  case  when  this  was  done 
some  leakage  occurred.  As  the  construction  appears  to  give  an  etKcient  mode 
of  moving  apparatus  inside  a  vacuum  from  without,  we  give  in  fig.  2  a  section 
of  a  stuffily  box. 


rr,  rider  rod. 
OC,  side  of  case, 
wte,  two  or  three  drcnlar  waflhen  punched  ont  of  aoft  leather  and  soaked  in  oil. 

p,  plunger  driven  in  by  screwH,  u. 
oA,  oil  hole  UiTongh  which  vftlvoline,  a  thick  lubricating  oil,  was  inserted. 

The  position  of  the  balance  beam  was  read  by  a  microscope  viewing  a  glass 
scale  K,  fig.  1,  interposed  in  the  suspension  of  W.  The  scale  was  divided  to 
01  mm.  and  numbered  in  millimetres.  The  objective  of  the  microscope  was 
placed  inside  the  case  and  the  eye-piece  with  cross  hairs  was  fixed  outside  it. 
The  axis  of  the  microscope  was  horizontal  and  a  lamp  at  the  back  illuminated 
the  scale.  The  case  was  surrounded  by  felt  and  a  tin  cover  was  placed  over 
the  whole,  small  windows  through  the  fett  then  allowing  the  scale  to  be  seen. 
A  thermometer  placed  between  the  felt  and  the  case  was  taken  to  give  the 
temperature  of  the  case. 

A  brass  pipe  p  from  the  floor  of  the  case  led  to  the  pumping  apparatus. 
This  pipe  was  connected  to  a  branched  glass  tube,  one  branch  going  to  a 
Fleuss  pump  and  the  other  to  a  4-fall  Sprenget,  made  continuous  in  its  action 
by  a  steel  pomp  which  was  worked  by  a  motor,  and  which  raised  the  mercury 
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again  from  the  cistern  at  the  base  to  the  reservoir  at  the  top.  When  the  case 
was  to  be  exhausted  the  Fleuss  pump  was  first  used  and  then  sealed  off  and 
the  exhaustion  was  carried  on  by  the  Sprengel.  The  degree  of  exhaustion 
was  estimated  by  sending  a  discharj^je  through  a  vacuum  bulb  10  cm.  diameter 
connected  with  the  tube  to  the  pump,  and  usually  the  pumping  was  continued 
till  the  negativt!  dark  space  was  of  the  order  of  4  cm.  As  a  rule  the  vacuum 
held  without  serious  change  for  days  or  even  for  weeks. 

Mode  of  Experiment. 

A  large  number  of  preliminary  experiments  were  made  with  a  pair  of  brass 
we^hts  each  about  187  grammes.  These  were  only  useful  in  bringing  to  the 
front  the  difficulties  in  obtaining  good  results  and  in  su^stlng  means  for 
overcoming  them.  We  shall  only  record  the  final  results  with  the  266 
grammes  and  58  grammes  weights. 

The  weights  and  the  lower  section  of  the  tube  were  first  cleaned  by  boiling 
in  caustic  potash  solution  and  washing  in  distilled  water.  They  were  then 
suspended,  being  handled  with  gloves  only,  and  the  lowest  section  of  the  tube 
was  screwed  on. 

Steam  Seating. 

The  jacket  s/(fig.  1)  was  fixed  on  the  lower  section  of  the  tube  and  th& 
balance  was  set  free  to  vibrate,  being  left  free  during  a  whole  series  of 
experiments.  The  case  was  then  sealed  on  and  the  value  of  a  scale  division 
was  determined  by  the  rider.  Any  change  in  the  value  during  a  series  could 
be  determined  from  the  chai^  in  period  of  the  swing.  The  time  of  swing  in 
different  series  rai^d  from  24  to  42  seconds.  After  the  stuffing  boxes  were- 
tightened  the  case  was  exhausted  till  the  pressure  was  estimated  to  be  not 
more  than  -^  mm.  of  mercury.  The  weight  of  air  displaced  by  a  weight  was 
then  of  the  order  0*001  milligramme  and  the  change  in  this  with  change  of 
temperature  was  quite  negligible. 

Cold  water  was  passed  through  the  water  jacket  lef,  and  sometimes,  while- 
steam  was  being  got  up  in  a  boiler  at  some  distance  well  screened  from  the- 
halance,  through  s;  also.  The  centre  of  swii^  and  the  temperature  of  the  case 
were  observed,  and  before  any  heating  occurred  the  balance  was  usually  quite 
steady.  Steam  was  then  blown  throi^h  sj,  water  still  flowing  through  v>j.. 
After  considerable  changes,  which  will  be  described  later,  the  centre  of  swing 
in  the  coui'se  of  five  or  six  hours  settled  down  to  a  steady  march  which 
appeared  to  correspond  to  change  in  temperature  of  the  case.  Sometimes 
steam  was  turned  off  after  eight  or  nine  hours,  but  in  some  cases  it  was  kept- 
on  for  24  and  48  hours  and  even  longer.    Then  it  was  turned  off  and  the- 
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jacket  was  allowed  to  cool.  The  centre  of  swing  was  observed  when  steady, 
several  hours  later  or  next  da^. 

The  results  in  the  first  few  heatings  and  coolings  after  an  exhaustion  of  thd 
case  were  rejected,  as  there  was  evidence  that  the  earlier  heatings  drove  gas 
from  the  weight.  Only  after  successive  heatings  gave  fairly  consistent  values 
were  these  taken  into  account. 

One  effect  of  the  steam  heating  was  always  to  raise  the  temperature  of  the 
case,  probably  through  convection  of  the  residual  air.  A  rise  of  temperature 
in  the  case  was  always  accompanied  by  a  lowering  of  the  scale  reading 
corresponding  to  a  diminution  in  weight.  The  effect  was  somewhat  irregular, 
but  an  average  value  of  the  lowering  per  1°  rise  was  determined  by  observing 
the  centre  of  swing  of  the  balance  at  intervals  through  several  days,  when 
the  balance  was  left  to  follow  the  varying  temperature  of  the  room  and  no 
steam  was  flowing.  The  value  thus  obtained  was  used  to  correct  all  the 
readings  to  15°  C. 

As  an  example  of  the  method  pursued,  we  give  in  Table  I  the  series  of 
readings  used  to  obtain  the  temperature  correction  for  the  hollow  weights. 


Table  I. — Change  of  Centre  of  Swing  with  Change  of  Temperatui'e  of  Casa 


D>te. 

Time. 

Centre  of  iwing 

Tempentnre  of  mm. 

8.12.04  

1.0  V.U. 

U-34 

14-76 

8.0      „ 

14-365 

14 '6G 

14 -66 

7.12.0*  

12.86    „ 

14-61 

12-70 

6.6      „ 

14-486 

18-60 

11.0     A.lt. 

14 '43 

14-70 

13.66  P.M. 

14-30 

U-96 

9.13.04  

8.G1  A.U. 

14 '666 

12-80 

2.27  P.IC. 

14-626 

18-8 

I0.12.M 

9.87  *.K. 

14-46 

15-0 

The  temperature  correction  deduced  from  these  numbers  by  the  method  of 
least  squares  is  a  decrease  of  0'13  division  per  1°  C.  rise,  and  as  the  sensibility 
was  1  division  for  0*248  milligramme,  there  was  an  apparent  decrease  of 
weight  of  0032  milligramme  per  1°  rise. 

Two  similar  series  with  the  solid  weights  gave  a  decrease  of  0044  division 
per  1°  C.  rise,  and  as  the  sensibility  was  now  1  division  per  0803  milli- 
gramme, there  was  an  apparent  decrease  of  weight  of  0*035  milligramme 
per  1*  rise. 

Another  series  with  the  solid  weights  when  steam  was  passing  all  the  time 
for  several  days,  gave  a  decrease  of  0*052  division  per  1°  rise,  but  as  the 
VOL.  LXXVL — k.  2  1 
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values  were  more  insular,  the  series  giving  0044  divisioo  were  used.  This 
aeries  with  steam  sufficed  to  show  that  very  nearly  the  same  temperature 
correction  applied  when  the  weight  was  hot  as  when  it  waa  cold. 

The  irregularity  of  the  ohservations  U  ouly  to  be  expected  when  it  is 
remembered  that  the  balance  was  subjected  to  some  considerable  vibration 
at  times  through  machinery  running  in  the  same  building,  and  that  the 
observations  extended  over  several  days.  Indeed  it  is  remarkable  that  there 
was  not  more  irregularity,  and  the  fair  consistency  of  the  observation 
illustrates  once  more  the  marvellous  accuracy  of  a  well-made  balance. 

The  following  Table  II  will  serve  as  an  example  of  a  complete  experiment 
in  which  one  of  the  hollow  weights  was  cold  initially,  was  then  surrounded 
with  steam  for  24  hours,  and  was  then  allowed  to  get  cold  again.  The 
observations  recorded  are  at  about  hourly  intervals,  but  intermediate  ones, 
not  used,  were  frequently  taken  to  be  sure  that  there  were  no  sudden 
changes. 


Table  II. — Experiment  with  Hollow  Weight  raised  to  100°  C.  and  then  cooled, 

1  mm.  =  0*248  milligramme. 

Correction  for  temperature  of  case  —013  division  per  1", 


Condition 

Centra  of 

Tempan- 

Centre  of 

Date. 

Time. 

of 
.eight. 

.ri°s.. 

ture 

of  CMS. 

eiring 

corrected 
tol6°C. 

17.11.04 

9.26  A.U. 

Cold 

14 '905 

14= -76 

14  -672 

St«am  put  on  JuBt  after 

4.0     F.U. 

Hot 

14-40 

15    0 

14-400 

9.26  and  kept  on  tiU 

6.20    „ 

It  39 

15  -0 

14-390 

10  A.if.  next  d*;. 

6.13     „ 

14  375 

16  -0 

14  -375 

7.8      ,. 

14 '366 

16  -06 

14-372 

7.66    „ 

14-36 

16  -1 

14-878 

18.11.01 

flS    XM. 

li'3ll 

15  -06 

14-307 

9.66     „ 

14'1!95 

15  -1 

14-30B 

Steam   turned  ofi  jiut 

6.36  tM. 

Cild 

14-65 

16  -00 

14-680 

after  9.55.                    ; 

G»9    „ 

14-66 

16  -96 

14-684 

7.66    „ 

14-66 

16  -76 

14-678 

19.n.04 

9.40  A.if . 

14-67 

14    30 

14-579 

1188    „ 

" 

14-666 

14  -20 

14-561 

Initi&l  retding,  oold  at  16°   14872  di 

Final  mean  reading,  cold  at  15°  ...  14636       „ 

Mean  reading,  oold    14*754       ., 

hot 14-360       „ 

Cold— hot   0-394diTiMon. 


The  following  Table  III  gives  the  results  of  the  various  experiments  with 
the  hollow  weight,  treated  as  in  Table  II,  the  readings  of  the  centre  of 
swing  being  at  about  hourly  intervals  when  on  the  same  day. 
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Table  IIL — Ezperimeats  with  Hollow  Weight  raised  to  100'  C.  and  then  cooled, 

1  mm.  =  0*248  milligramme. 

Correction  for  temperature  of  case  — 0*044  division  per  1°. 


Date. 

Condi, 
(ion  of 
weight. 

Centra 
to  16". 

Number 

of  raadings 

from  which 

centre 

OrMteM 

from 
tbsmeui. 

Eiceu 
of  oold 

»b0T0 

hot. 

Kemarki. 

16.11.04 

17.11.01 

Cold 

14-740 
14-872 

4 
1 

o-oaoi 

0-123 

Tho  initiBl  oold  rMding  wu 
rendered  uselen  bj  a  wbM- 
quent  ihift  of  K«le  raading, 
probably  due  to  dight  dii. 

17.11.04 

17—18.11.04 
18-19.11.04 

Cold 

Hot 

Cold 

14-872 
14-360 
14-686 

1 
7 
5 

0-058  t 
0-076  J 

0-394 

The  wt  ri*en  in  fuU  ia 
T>bU  If  The  ]a.t  of  the 
preoeding  nwd  u  the  flrrt 
of  this. 

21.11.04 

22—23.11.04 
23.11.04 

Cold 
Hot 
Cold 

14-218 
14-091 
14-294 

1 
6 
3 

0-09si 

0-040J 

0-166 

26.11.04 

26.11.04!!;!:: 

Cold 
Hot 
Cold 

14 -4n 
14-029 
14-010 

1 

a 

2 

0-001 
0-016 

0-187 

1.12.04 

2.12.04:::::: 

Cold 
Hot 
Cold 

14-600 
14-100 
14-367 

1 
3 

1 

0-007 

0-334 

2.12.04 

2-8.12.04 
3.12.04 

Cold 
Hot 

Cold 

14-367 
14-218 
14-400 

1 
3 
I 

0-048 

0-186 

12.12.04 

18,12.04::!!!: 

Cold 

Hot 
Cold 

14-879 
14  106 
14-390 

1 
8 

1 

0-018 

0-279 

Mean  Talue  uold — hot  —  0*236  diriiion  —  0*068  milligramme. 

The  following  Table  IV  gives  the  resulta  with  the  solid  weight.  Thej  are 
not  BO  consistent  as  those  with  the  hollow  weight,  probablj^  because  they  were 
spread  over  a  longer  time  on  the  average.  This  was  done  to  secure  that  the 
weight  should  be  more  nearly  at  the  temperature  of  its  surroundings.  A 
rough  estimate  shows  that  if  heat  be  gained  by  radiation  alone  and  the  brass 
is  taken  as  a  fall  radiator,  three  hours  will  be  required  to  bring  it  within 
1°  of  the-  temperature  of  the  steam.  The  last  two  experiments  were 
incomplete  in  that  no  final  cold  weighing  was  taken,  but  the  results  obtained 
were  r^arded  as  probably  sufficient. 

2  I  2 
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Table  lY. — Experimenti)  with  SoUd  Weight  raised  to  100°  and  then  cooled, 

1  mm.  =  0-803  diviflion. 

Correction  for  temperature  of  case  —0044  division  per  1°. 


Date. 

Condi- 
tioDof 

«reight. 

Centre 
to  15'. 

Number    ' 
of  readings!  Orutsat 
from  which  j  dsristion 

centre           from 
of  .wing  U    the  mean. 
found,      1 

Eiceas 

of  cold 

over 

hot. 

Remark!. 

26.12.04 

27—28.12.04 
29.12.04 

Gold 
Hot 

Cold 

ie-296 
16-082 
16  046 

0-017 

0-18B 

TemperatureB  9*9  to  ll"*. 

;io.i2.04 

30—31,13.04 
2.1.06    

Cold 

Hot 

Cold 

16  016 
15-914 
16-036 

0-021 

0-112 

2.1.06    

3.1.06    

4.1.05    

Cold 
Hoi 
Cold 

16  036 
16-022 
16-047 

0-018 

0-019 

5.1.05    

Cold 
Hot 

lS-987 
16-919 

' 

0-OQ2 

ooes 

stoppage  of  steam  tubes. 

B.1.06    

10.1.06    

Cold 
Hot 

18-046 
16-OSD 

0-020 

0-009 

H«ting      oontinned     aereral 
days  after   thii    to   obtain 

fituf  cold  reading  taken. 

Meat!  lalne  cold — hot  —  0*069  division  —  0055  milligramtne. 

From  Tables  III  and  IV  we  have — 

Solid  weight,  266  grammes :  cold — hot =  0-055  milligramme. 

Hollow  weight,  58  grammes:  cold — hot    ...  =  0-058  „ 

For  the  difference,  208  grammes :  hot— cold  =  0003 

Taking  the  rise  in  temperature  as  85°,  this  gives  a  change  of  the  order  of 
1  in  6  X  10'  per  1°  rise.  But  evidently  the  smallness  of  the  result  is 
accidental,  and  probably  all  we  can  assert  from  the  work  is  that  any  change 
of  weight  with  change  of  temperature  between  15°  G.  and  100°  C.  is  not 
greater  than  1  in  10'. 

Cooling  wUh  Liquid  Air. 

Experiments  were  made  in  which  heating  by  steam  was  replaced  by 
cooling  with  liquid  air.  This  was  supplied  to  us  by  Sir  William  Bamsay, 
and  we  desire  to  express  our  hearty  thanks  to  Iiim  for  his  ready  kindness  in 
helping  us  to  increase  the  temperature  range  so  considerably.  In  these 
experiments  the  steam  jacket  was  removed  and  replaced  by  a  vacuum  vessel 
30  cm.  deep  and  6  cm.  inside  diameter,  kept  full  of  liquid  air.     After  the 
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steady  state  was  reached  the  liquid  air  was  removed,  the  jacket  was  replaced 
and  cold  water  was  ^ain  passed  round  the  tube. 

Owing  to  the  evaporation  of  the  air  the  experimeptB  had  to  be  carried  out 
more  rapidly  than  those  with  steam,  bat  through  the  absence  of  convection 
currents,  a  steady  state  was  more  rapidly  reached,  and  the  variation  in  the 
temperature  of  the  case  was  very  emalL 

The  temperature  correction  was  not  observed,  bat  as  in  the  sabsequent 
observations  with  both  solid  and  hollow  weights,  it  was  found  to  be  about 
0*03  milligramme  per  1°  this  value  was  assumed  to  hold  here.  In  any  case  its 
effect  is  very  small,  as  the  temperature  varied  ao  little. 

The  centre  of  swing  was  observed  nearly  continuously  from  the  time  when 
the  liquid  air  was  applied  and  again  after  it  was  removed.  After  a  time  In 
each  case  it  became  steady  and  only  these  steady  values  are  recorded  in  the 
following  Tables. 

Table  V. — Experiment  with  Solid  Weight  cooled  by  latiuid  Air, 

1  mm.  =  0'315  milligrsmma 

Correction  for  temperature  of  case  —01  division  per  1°, 


DaU.            Tima. 

Condition 

of 

-eight. 

Cmtreoi 

Terapen- 

tUK 

oue. 

Centre  of 

WlS'fl. 

Benurki. 

S8.7M  ... 

8.26  H.U. 
6.60     „ 
8.0      „ 
6.10    „ 
8.46    „ 

g-iG   „ 

Narmal 
Cold 

11-085 
11-07 
11-07 
11  07 
11-095 
11-096 

ir-6 
le  -66 
16  -66 
le  -66 
16  '4 
18  -4   . 

i  i  i 

Liquid   ur   ramoTed 
■nd   iTBter  koplied 
jurt  after  6.10. 

Normml — cold  —  OOOS  diriiion  —  00016  milligramnie. 

Table  VI. — Experiment  with  Hollow  Weight  cooled  by  Liquid  Air, 

1  mm.  =  0343  milligramme. 

Correction  for  temperature  of  case  — O'l  division  per  1°. 


Date. 

Time. 

Condition 

of 

weight. 

i  T.    ,„„      Centre  of 
Centre  of     '™I*""        awing 

9.9A>1  ... 

9.40  A.X. 
11.40  „ 
11.60    .. 

e.26  r.U. 

Normal 

Cold 

U-48S 

14-480 
14-480 
14-460 

16° -8 
16  -4   1 
16  -4   / 
16  '4 

U-466 
14-460 
14-460 

BemoTod  at  11.52. 
Steady. 

The      balance     next 
morning  read  14-48 
at  ir-3. 

Normal — oold  —  — 0<K)2  diniion  —  —00007  mitligranuDa 
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From  Tables  V  and  VI  we  have — 
Solid  weight,  266  grammes:  normal — cold  ...     =  0-0016  milligismme. 
Hollow  weight,  58  grammes:  normal — cold...     =  —00007       „ 
Por  the  difference,  208  grammes:  normals-cold    =  0*002  „ 

Taking  the  fall  in  temperature  as  200°,  this  gives  a  change  of  the  order 
of  1  in  2  X 10"-  per  1"  fall 

These  Uquid  air  experimeDts  were  not  repeated.  But  the  conditiooa  are 
probably  much  leas  disturbed  than  with  the  steam  experiments,  and  we  may 
safely  say  that  if  there  is  any  change  of  weight  with  change  of  temperature 
between  16°'6  C.  and  —186"  C,  it  ia  not  so  great  as  1  in  10"  per  1°  C. 

N^ote  on  tlu  Change  of  Apparent  Weight  on  Firit  Seating  or  Coolvng, 

We  have  mentioned  that  while  the  changes  in  the  temperature  of  the 
weight  were  in  progress  there  were  considerable  apparent  variations  in 
weight.  These,  in  a  few  cases,  amounted  to  as  much  as  0-6  milligramme. 
They  were  almost  certainly  due  to  radiometric  forces  or  to  other  gas  action, 
for  they  were  very  dependent  on  the  disposition  of  the  diaphr^ma  in  the 
tube  T  (fig.  1),  and  also  on  the  way  in  which  the  steam  was  blown  through 
the  jacket. 

In  the  preliminary  experiments  with  solid  weights  the  lowest  diaphragm 
was  5  to  6  inches  above  the  weight,  and  the  steam  was  blown  into  the  top 
of  the  jacket.  Under  these  circumstances  the  following  variations  occurred 
when  the  steam  was  turned  on  : — 

At  first  the  weight  apparently  increased,  until  in  16  to  20  minutes  it 
reached  a  maximum,  which  was  in  some  cases  as  much  as  0*6  milligramme 
above  the  real  weight  After  reaching  this  maximum  the  weight  apparently 
decreased,  till  in  four  hours  it  had  reached  a  nearly  steady  value,  which  was 
a  little  lees  them  the  value  at  the  temperature  of  the  laboratory. 

It,  now,  the  jacket  was  filled  with  cold  water,  the  apparent  weight  first 
increased  for  about  one  minute  and  then  decreased  for  about  two  hours  to 
a  minimum,  which  was  a  little  lower  than  the  final  We^ht  at  100°.  After 
this  the  weight  very  slowly  increased,  till  in  five  to  six  hours  it  had  recovered 
the  value  which  it  had  before  the  experiment 

These  changes  did  not  vary  very  much  with  the  pressure,  but  at  lower 
pressures  they  took  place  more  rapidly  than  at  higher  ones. 

On  cooling  the  we^ht  with  liquid  air  changes  occurred  exactly  similar 
to  those  which  occurred  when  the  weight  was  cooled  from  100"  to  the 
temperature  of  the  laboratory ;  and  when  the  weight  was  wanned  up  from 
the  temperature  of  liquid  air  to  the  temperature  of  the  laboratory,  the 
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changes  were  similax  to  those  when  the  weight  was  wanned  from  tho 
temperature  of  the  laboratory  to  100°  C. 

So  long  as  the  arrangement  of  the  diaphr^me  and  the  weight  remained 
the  same,  and  bo  long  as  the  steam  was  blown  through  in  the  same  way, 
these  changes  were  exactly  similar,  but  as  soon  as  any  alteration  was  made 
in  these  arrangements  the  character  of  the  changes  altered. 

In  one  series  of  experiments  a  sealed  glass  bulb  containing  mercury  was 
used  in  place  of  the  brass  weight.  In  this  case,  immediately  after  the  steam 
was  turned  on  there  was  a  rapid  decrease  in  weight,  and  a  minimum  was 
reached  in  less  than  one  minute.  After  tiiis  the  changes  were  very  similar 
to  those  occurring  with  the  brass  weight  On  cooling,  however,  the  changes 
were  almost  exactly  the  reverse  of  the  changes  on  heating,  and  were  not  at 
all  like  the  changes  with  the  brass  weight 

In  the  final  experiments,  those  recorded,  the  lowest  diaphragm  was  within 
i-iuch  of  the  top  of  the  brass  weight.  With  this  arrangement  and  with  the 
steam  blown  into  the  top  of  the  jacket,  the  following  changes  occurred : — 

The  apparent  weight  first  increased  rapidly,  reaching  a  maximum  in  about 
one  minute,  then  it  rapidly  decieased,  reaching  a  minimum  in  about  four 
minutes,  and  again  increased  to  ano^er  and  lower  maximum  in  8  to 
10  minutes.  After  this  it  slowly  decreased  to  a  nearly  steady  value  a  little 
lower  than  the  original  valua 

On  passing  cold  water  through  the  jacket  the  apparent  weight  rapidly 
increased  for  about  one  minute,  and  then  slowly  decreased  to  its  original 
value. 

Still  another  variation  was  arranged  by  blowing  the  steam  in  at  the 
bottom  of  the  jacket  instead  of  at  the  top,  all  the  other  things  remaining  as 
in  the  last  experiment 

In  this  case,  on  turning  on  the  steam,  the  apparent  weight  first  decreased 
to  a  minimum  in  about  one  minute,  then  increased  to  a  maximum  in  about 
six  minutes,  and  finally  decreased  slowly  to  a  nearly  steady  value  a  little 
below  the  original  value. 

The  cooling  and  the  consequent  changes  were  exactly  similar  to  those  in 
the  last  experiment 

It  is  somewhat  difficult  to  follow  out  exactly  the  changes  which  would  be 
caused  by  radiometer  action  and  by  convection  currents  in  these  different 
arrangements  of  the  apparatus,  but  the  fact  that  these  changes  depend 
entirely  on  the  arrangement,  is  sufficient  evidence  that  they  are  caused  by 
gas  action,  and,  as  we  have  before  said,  we  have  some  reason  to  believe  that 
even  the  small  final  difference  is  due  to  air  currente. 
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A  New  Formation  of  Diamond. 

By  Sir  William  Cbookks,  Hon.  D.So.  (Oxford  and  Dubl),  F.R.S. 

(Beceired  Jul/  20,  1906.) 

BoUing-PoiiU  and  Melting-Point  of  Carbon. 

On  the  average  the  critical  point  of  a  substance  is  1*6  times  its  abtfolate 
boiling-point.  Therefore  the  critical  point  of  carbon  should  be  about 
6800°  Ab.  But  the  absolute  critical  temperature  divided  by  the  critical 
pressure  is  for  all  the  elements  so  far  examined  never  less  than  2-5  ;  this  being 
about  the  value  Sir  James  Dewar  finds  for  hydn^n.  So  that,  acceptii^  this, 
we  get  the  maximum  critical  pressure  as  follows,  viz.,  2320  atmospheres : — 

55^-  =  2-6,  or  OrP  =  ^S^.  „  jj^O  .ta«,pher». 

Carbon  and  araento  are  the  only  two  elements  that  have  a  meltiug-point 
above  the  boiling-point ;  and  among  compounds  carbonic  acid  and  fluoride  of 
silioium  are  the  only  other  bodies  with  similar  properties.  Kow  the  melting- 
point  of  arsenic  is  about  1'2  times  its  absolute  boiling-point  With  carbonic 
acid  and  fluoride  of  silicium  the  melting-points  are  about  1*1  times  their 
boiling-points.  Applying  these  ratios  to  carbon  we  find  that  its  melting-point 
would  be  about  4400°. 

Therefore,  assuming  the  following  data, 

Boiling-point    3870°  Ab. 

Melting-point  4400° 

Critical  temperature    5800° 

Critical  pressurtj  2320  Ats. 

the  fiankine  or  Van  der  Waals  formula  calculated  from  the  boiling-point  and 
critical  data  would  be  as  follows : — 

logP  =  1011-39120/T, 

and  this  gives  for  a  temperature  of  4400°  Ab.  a  pressure  of  166  Ats.  as  tiie 
melting-point  pressure. 

The  results  of  the  formula  are  given  in  the  form  of  a  table  : — 
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Tampermtai* 

Ab. 

AU. 

3870° 

100 

BoiliDg-point 

4000° 

214 

4200° 

6-26 

4400° 

16-6 

Melting-point 

4800° 

40-4 

4800° 

91-2 

6000° 

193 

6200° 

380 

5400° 

735 

6600° 

1330 

6800° 

2320    Critical  point  (16 

If  then  ve  m&j  reason  from  tbeafl  rough  estimates,  above  a  temperature  of 
6800°  Ab.  no  amount  of  presaure  will  cause  carbon  vapour  to  asaume  liquid 
fonn,  whilst  at  4400°  Ab.  a  pressure  of  above  17  atmospheres  would  suffice  to 
liquefy  some  of  it.  Between  these  extremes  the  curve  of  vapour  presaure  is 
assumed  to  be  logarithmic,  aa  represented  in  the  accompanying  diagram.  The 
constant  39120  which  occurs  in  the  lugaritlunic  formula  enables  us  to  calculate 
the  latent  heat  of  evaporation.  If  we  assume  the  vapour  density  to  be 
normal,  or  the  molecule  in  vapour  as  Cs,  then  the  beat  of  volatilisiition  of 
12  grammes  of  carbon  would  be  90,000  calories  ;  or,  if  the  vapour  is  a  con- 
densed molecule  like  C«,  then  the  12  grammes  would  need  30,000  calories. 
In  the  latter  case  the  evaporation  of  1  gramme  of  carbon  would  require  2500 
calories,  whereas  a  substance  like  zinc  needs  only  about  400  calories. 
A  New  Formation  of  Diamond. 

I  have  long  speculated  as  to  the  possibility  of  obtaining  artificially  such 
pressures  and  temperatures  as  would  fulfil  the  above  conditions.  In  their 
researches  on  the  gases  from  fired  gunpowder  and  cordite.  Sir  Frederick  Abel 
and  Sir  Andrew  Noble  obtained  in  closed  steel  cylinders  pressures  as  great  aa 
95  tons  to  the  square  inch,  and  temperatures  as  high  as  4000°  C  According 
to  a  paper  recently  communicated  to  the  Royal  Society,  Sir  Andrew  Noble, 
exploding  cordite  in  closed  vessels,  has  obtained  a  presaure  of  8000 
atmospheres,  or  50  tons  per  square  inch,  with  a  temperature  reaching  in  all 
probability  5400"  Ab. 

Here,  then,  we  have  conditions  favourable  for  the  liquefaction  of  carbon, 

and  were  the  time  of  explosion  sufficient  to  allow  the  reactions  to  take  place, 

we  should  certainly  expect  to  get  the  liquid  carbon  to  solidify  in  the  crystal- 

line  state.* 

*  Sir  Junes  I>«wftr,  in  »  Friday  Evening  DiMOnrM  at  the  Boyal  Inititntion,  1680, 
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[July  20. 
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showed  &n  experimeDt  proving  tlutt  the  tempenture  of  the  interior  of  k  carbon  tube 
heated  by  an  outside  electric  arc  was  higher  than  that  of  the  oxy-hrdrogen  flame.  He 
placed  a  few  amall  cryetals  of  diamond  in  the  carbon  tube,  and,  muntaining  a  cunent  of 
hydrogen  to  prevent  oxidation,  taiaed  the  temperature  of  the  tube  in  an  electric  fumac« 
to  that  of  the  arc.  lu  a  few  niinutee  the  diamond  waa  tnuuformed  into  graphit«.  At 
first  night  this  would  eeem  to  show  that  diamond  canaot  be  formed  at  temperatures  above 
that  of  the  arc  It  is  probable,  however,  for  reaoons  given  above,  that  at  exceedingly  high 
preasures  the  resnlt  would  be  different. 
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By  the  kindness  of  Sir  Andrew  Noble  I  have  been  enabled  to  work  upoD> 
some  of  the  residues  obtained  in  closed  vessels  after  explceions,  and  I  have- 
submitted  them  to  the  same  treatment  that  Moissan's  granulated  iron  had 
gone  through.*  After  weeks  of  patient  toil  I  removed  the  amorphous  carbon, 
the  graphite,  the  8ilica,f  and  other  constituents  of  the  ash  of  cordite,  andl 
obtained  a  residue  among  which,  under  the  microscope,  crystalline  particles 
could  be  distinguished.  Some  of  these  particles,  from  their  cryBtalline 
appearance  and  double  refraction,  were  silicon  carbide;  others  were  probably 
diamonds.  The  whole  residue  was  dried  and  fused  at  a  good  red  heat  in  an 
excess  of  potassium  bifluoride,  to  which  was  added  during  fusion  5  per  cent 
of  nitre.  {Previous  experiments  had  shown  me  that  this  mixture  readily 
attacked  and  dissolved  silicon  carbide ;  unfortunately  it  also  attacks  diamond, 
to  a  slight  d^rree.)  The  residue,  after  thorough  washing  and  then  heating  im 
faming  sulphuric  acid,  was  washed,  dried,  and  the  largest  crystalline  particles 
picked  out  and  mounted.  All  the  operations  of  washing  and  acid  treatment- 
were  performed  in  a  large  platinum  crucible  by  decantation  (except  the  pre- 
liminary attack  with  nitric  acid  and  potaaeium  chlorate,  when  a  hard  glass- 
vessel  was  used);  the  final  result  was  washed  into  a  shallow  watch-glass  and 
the  selection  made  under  the  microscope. 

From  the  treatment  these  crystals  have  undergone,  chemists  will  agree- 
with  me  that  diamonds  only  could  stand  such  an  ordeal ;  on  submitting  them 
to  skilled  crystallc^raphic  authorities  my  opinion  is  confirmed.  Speaking  of 
one  oiystal  (303),  Professor  Bonney  calls  it  "  a  diamond  showing  octahedral 
planes  with  dark  boundaries  due  to  high  refracting  index."  After  careful 
examination.  Professor  Miers  writes  of  the  same  crystal  diamond : — "  I  thiok 
one  may  safely  say  that  the  position  and  angles  of  its  faces,  and  of  ita  cUavaget, 
the  absence  of  birefringence,  and  the  high  refractive  index,  are  all  compatible 
with  the  properties  of  the  diamond  crystallising  in  the  form  of  an  octahedron. 
Others  of  the  remaining  crystals,  which  show  a  similar  high  refractive  index, 
appeared  to  me  to  present  the  same  features." 

It  would  have  been  more  conclusive  had  I  been  able  to  get  further- 
evidence  as  to  the  density  and  hardness  of  the  crystals;  but  I  am  still 
working  at  the  subject,  and  hope  to  add  these  confirmatory  tests.  From  what- 
I  have  already  said  I  think  there  is  no  doubt  that  in  these  closed-vessel 
explosions  we  have  another  method  of  producing  the  diamond  artificially. 

•  '  Chemical  News,'  voL  76,  p.  14,  July  9,  1897. 

t  The  silica  was  in  th«  form  of  apherea,  perfectly  ahftped  and  transparent,  mostly  colour- 
leas,  but  among  them  several  of  s  rabj  colour.  Wbea  fi  per  cent,  of  silica  was  added  to 
cordite,  the  residue  of  the  closed-vessel  explosion  contained  a  much  larji^er  quantity  at 
these  spheres. 
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2%e  Influence  of  Phase  Changes  on  the  Tenacity  of  Ductile  Metals 
at  the  Ordinary  Temperature  and  at  the  Boiling  Point  of 
Liquid  Air. 

By  G.  T.  Beilby  and  H.  N.  Bkilby,  B.Sc 

(Communicatod  hy  Professor  J.  Larmor,  Sec.  RS.    Beoeived  July  20,  190S.) 
[Platb  0.] 

The  study  of  tenacity  in  metals  has  had  so  direct  a  bearing  on  the  practical 
problems  of  metallurgy  and  engineering,  that  there  is  some  risk  that  its 
scientific  importance  may  be  overlooked  or  lost  sight  of.  It  has  occuired 
to  us  that  the  measurement  of  tenacity  in  solids  may  supply  a  direct 
means  for  the  estimation  of  the  cohesive  force  of  the  molecules  at  any  given 
temperature,  so  that  by  the  multiplication  of  observations  at  a  variety  of 
temperatures,  it  may  become  possiUe  to  estimate  more  and  more  closely  the 
molecular  cohesion  at  the  absolute  zero.  The  early  observations  of  Dewar  on 
the  increase  of  tenacity  at  the  boiling  point  of  liquid,  air  made  it  clear  for  the 
first  time  that  the  nature  of  the  relation  between  tenacity  and  temperature 
continues  unchanged  even  at  the  lowest  attainable  temperatures.  The  recent 
experiments  of  Hadfield  supply  further  confirmation  of  this  continuity.  The 
metala  used  by  these  observers  were  almost  always  in  the  annealed  or 
oiystalliae  condition. 

Tenacity  in  metals  is  measured,  as  is  well  known,  by  the  tension  required 
to  tear  asunder  a  rod,  bar,  or  wire  of  the  material.  In  ordinary  mechanical 
tests  of  this  kind  it  is  assumed  that  the  tensile  stress  is  uniformly  distributed 
over  the  whole  surface  at  which  rupture  occurs ;  but  this  is  only  approxi- 
mately true  in  the  most  favourable  cases,  wliile  in  many  cases  it  is  obviously 
nntnie,  as,  for  instance,  when  the  surface  of  fracture  is  large  relatively  to  the 
length  of  the  specimen,  or  when  the  material  is  not  homc^eneous.  It  is  not 
possible  to  experiment  with  a  chain  of  single  molecules,  for  even  in  the  thinnest 
wire  its  smallest  cross-section  contains  many  millions  of  molecules.  It  follows, 
therefore,  that  only  in  a  perfectly  rigid  body  can  all  the  pairs  of  molecules  be 
pulled  directly  apart  as  they  would  be  in  a  single  chain.  Any  departure 
from  perfect  rigidity  must  involve  that  the  molecules  under  strain  will  move 
over  each  other  with  a  certain  d^ree  of  freedom,  as  in  the  liquid  state,  and 
the  rupture  will  become  to  some  extent  like  that  of  a  highly  viscous  liquid, 
e^.,  molten  glass,  in  which  the  molecules  evade  any  direct  pull  by  slipping 
over  each  other. 

The  observations  recorded  in  this  paper  are  intended  to  prepare  the  way 
for  a  more  direct  attack  on  the  problems  of  molecular  cohesion,  by  the 
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establieliment  of  clearer  viewn  as  to  the  inflnence  of  changes  of  phase  on  the 
tenacity  of  ductile  metals  at  various  temperatures. 

In  a  former  paper  on  "  The  Hard  and  Soft  States  in  Metal,"'  the  changes 
of  state — from  bard  to  soft  and  from  soft  to  hard — were  shown  to  be  due  to 
the  changes  of  phase  brought  about  in  the  one  case  by  heat,  and  in  the  other 
by  mechanical  deformation  or  flow.  In  most,  if  not  all,  of  the  ductile  metals 
the  amorphous  is  the  hard  phase  and  the  crystalline  is  the  soft.  This  is 
contrary  to  the  usually  accepted  ideas  on  the  subject,  for  hardness  and  brittle- 
ness  are  generally  supposed  to  be  specially  associated  with  the  crystalline 
properties  in  metals.  In  reality  the  softest  metals  are  those  which  pass  most 
readily  into  the  crystalline  condition,  and  when  in  this  condition  they  are  at 
their  softest  stage.  This  particular  softness  is  due  to  the  readiness  with 
which  the  crystals  can  be  broken  down  again  into  the  amorphous  state ;  the 
crystalline  is  the  phase  of  maximum  instability  under  mechanical  disturbance, 
while  the  amorphous  is  the  thermally  unstable  phase.  The  ductile  metala 
may  be  described  as  those  which  pass  most  readily  from  phase  to  phase :  they 
are  equally  unstable  mechanically  and  thermally. 

Mechanical  instability,  and  the  phase-change  on  which  it  depends,  is  well 
illustrated  in  the  stretching  of  wires  under  tension.  Annealed  wires,  which 
are  in  the  C  phase,  stretch  when  they  are  stressed  beyond  their  yield  point ; 
hardened  wires,  which  are  partly  in  the  A  phase,  do  not  stretch — they  break 
without  extension  when  their  limit  of  tenacity  is  reached. 

The  homogeneous  C  phase  as  it  occurs  in  a  ductile  metal  which  has  been 
heated  above  the  transition  temperature,  has  no  true  breaking  point ;  it  yields 
and  stretches  when  stressed  beyond  the  elastic  limit,  and  in  so  doing  it  passes 
partly  into  the  A  phase,  and  when  rupture  takes  place  it  does  so  at  the 
breaking  stress  of  the  mixed  structure.  The  conditions  under  which  this 
phase-change  occurs  may  be  very  ditTereut,  and  the  properties  and  'structure 
of  the  mixture  of  phases  which  results  vary  with  these  altering  conditions. 
A  wire  which  has  been  hardened  by  simple  stretching  is  different  from  one 
which  has  been  hardened  by  hammering  or  by  wiie-drawing. 

The  tenacity  of  the  mised  structure  which  results  from  plastic  yielding 
which  has  taken  place  under  favourable  circumstances,  approaches,  but  never 
quite  reaches,  the  tenacity  of  the  homogeneous  A  phase.  To  ascertain  the  true 
maximum  tenacity  of  a  pure  metal  it  would  be  necessary  to  obtain  it  in  this 
homogeneous  condition.  For  the  purpose  we  had  in  view  it  was  necessary  to 
obtain  the  metals  as  nearly  as  possible  in  this  condition.  It  had  previously 
been  foundf  that  only  in  the  thinnest  surface  layers — probably  from  50  to 
•  'PhiL  Mag.,'  August,  1904. 
i  Loa.9iL 
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■600  micro-millimetrea  in  thickness— was  it  possible  to  obtain  the  metal  in  a 
perfectly  structureless  condition.  Gold  foil  when  beaten  till  it  covers  several 
times  its  original  area  becomes  covered  with  a  liard  vitreous-looking  surface 
-film  of  extreme  thinness,  hut  the  lightest  of  etching  on  this  surfnce  is 
sufficient  to  disclose  a  granular  layer  of  mixed  phases,  and  below  this  layer 
farther  etching  discloses  the  broken  remains  of  crystalline  grains  and 
Jamellse. 

By  wire-drawing  it  is  possible  to  destroy  all  traces  of  crystalline  structure 
auch  as  grains,  lamellse,  or  similarly  oriented  units,  and  to  reduce  the  whole 
substance  to  a  granular-looktng  condition.  But  in  this  condition  the  metal  is 
not  reduced  to  the  homogeneous  A  phase,  it  is  still  an  intimate  mixture  of 
the  two  phasea  In  a  galvanic  couple,  consisting  of  the  two  phases  of  the 
same  metal  in  a  suitable  solvent,  the  A  phase  dissolves  before  the  C  phase, 
which  is,  therefore,  left  as  a  skeleton  of  the  former  mixed  structure.  This 
then  is  what  occurs  when  a  hard-drawn  wire  is  suitably  etched,  the  vitreous 
surface  layer  dissolves  first  and  discloses  the  granular  structure  below.  By 
the  continued  action  of  the  solvent  the  matrix  in  which  the  granules  are 
«mbedded  is  removed,  and  these  minute  specks  of  C  phase  are  left  in  the  form 
•of  an  extremely  open  structure. 

After  a  wire  has  been  stretched  to  four  or  five  times  its  original  length  by 
■drawing  it  through  the  conical  boles  of  a  wire  plate,  the  substance  of  the 
metal  is  entirely  reduced  to  the  granular  condition.  Plate  5,  fig.  1,  a  is  a  photo- 
graph of  a  gold  wire  which  has  been  etched  after  drawing.  The  flow  lines  near 
the  purface  consist  of  rows  of  granules,  h,  on  the  same  photograph,  shows  the 
eflect  of  heating  another  piece  of  the  same  wire  to  about  400°.  Bemoval  of 
the  surface  by  etching  now  discloses  the  fuUy  developed  crystalline  grains 
with  their  differeotly  oriented  lamells.  The  thermal  ttansfonnatiou  from  A 
to  C  has  taken  place  and  the  wire  is  restored  to  the  soft  condition.  Figs.  2 
and  3  are  photomicrographs  at  higher  magnifications,  which  show  the  details 
of  structure  more  fully.  Fig.  2  is  the  granular  structure  by  oblique  light  at 
a  magnification  of  250,  and  Fig.  3  is  the  crystalline  structure  by  normal  light, 
at  a  magnification  of  700.  The  granular  structure  in  2  is  so  minute  that  it 
absorbs  the  normal  illuminating  rays  to  such  an  extent  that  it  is  not  possible 
to  obtain  a  satisfactory  resolution  by  lenses  of  high  numerical  aperture.  The 
granules  seen  on  the  photograph  are  not  really  the  ultimate  units,  they  are 
only  aggregates  of  these.  Fig.  3  shows  very  clearly  the  way  in  which  each 
crystalline  grain  is  built  up  of  similarly  oriented  lamellae,  the  orientation  in 
each  grain  being  different 

Heating  merely  to  the  transition  temperature,  while  it  changes  the  phase 
and  softens  the  metal,  does  not  quickly  develop  a  well-marked  crystalline 
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structure.  Tbia  requires  either  a  loog  time  at  the  low  temperature  or  the 
application  of  a  considerably  higher  temperature  for  a  short  time. 

The  mechanical  instability  increaaee  as  the  crystalliae  grains  become  laiger 
and  more  fuUy  developed,  the  yield  point,  therefore,  varies  with  the  condition 
of  crystalline  devfilopmenL 

As  the  primary  object  of  these  experiments  was  to  bring  each  of  the  metals 
used  into  its  highest  state  of  tenacity,  various  methods  of  wire-drawing  were 
tried  to  £nd  that  which  would  give  the  best  results.  It  was  realised  that  so 
long  as  the  actual  tension  on  the  wire  was  accurately  observed  and  its  cross 
section  accurately  measured,  those  results  which  gave  the  highest  tenacity 
were  the  best  and  most  trustworthy.  tJnder  these  conditions  there  was  no 
danger  of  obtaining  too  high  a  result  for  any  given  metal,  indeed,  all  the 
chances  were  the  other  way.  But  the  purity  of  the  metals  was  of  great 
importance,  for  it  is  well  known  that  minute  traces  of  impurity  may  seriouely 
aflect  the  mechanical  properties. 

The  metals  used  were,  gold  of  a  purity  of  9997  parts  per  10,000,  silver  of 
a  purity  of  10,000  parts  per  10,000,  and  copper  of  a  guaranteed  conductivity 
of  over  100  per  cent  It  was  recognised  that  the  purity  of  the  copper  was 
probably  not  quite  of  the  same  order  as  that  of  the  gold  and  silver. 

The  tenacity  tests  were  made  by  directly  loading  the  stretched  wire  by  a 
water  load,  so  that  the  speed  of  loading  and  its  smoothness  could  be  easily 
regulated.  In  the  experiments  at  the  boiling  point  of  liquid  air,  the  wire 
with  both  grips  was  fully  submerged  in  the  liquid  during  the  entire  test.  The 
-extension  was  measured  after  the  broken  wires  were  removed  from  the  grips. 
The  diameter  of  the  wires  was  measured  by  a  micrometer  screw  gauge.  For 
each  wire  the  mean  of  a  lai^  number  of  measurements  was  taken,  the 
measurements  being  usually  taken  in  pairs  on  two  diameters  at  right  ai^es 
to  each  other  All  the  tenacity  testa  were  made  on  wires  of  from  0'38  to 
Oo5  mm. 

After  annealing  at  a  temperature  rather  above  the  transition  point,  the 
wire  was  drawn  through  a  series  of  holes  till  it  reached  the  desired  diameter. 
The  reduction  of  diameter  and  the  increase  of  length  were  as  a  rule  both 
directly  measured.  Wires  were  stretohed  in  this  way  to  as  much  as  15  times 
their  original  length  when  annealed.  The  minimum  amount  of  stretching 
tised  was  1'4  times. 

It  was  found  possible  to  over-draw  a  wire  bo  that  its  tenacity  having  passed 
a  certain  maximum  began  definitely  to  fall  off.  The  highest  tenacity  in  gold 
was  developed  by  drawing  it  to  3J  times  its  or^nal  length,  but  by  drawing 
it  to  as  much  as  13  times  the  tenacity  was  only  slightly  reduced. 

The  maximum  tenacities  recorded  at  the  ordinary  temperature  were — gold 
15'6  tons  per  square  inch,  silver  257  tons  and  copper  28'4  tons. 
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At  the  boiling  point  of  liquid  air  (—182*)  the  mudma  were — Gold  22*4 
tons  per  aquare  inch,  silver  344  tona,  and  copper  36  tons. 

At  the  ordinary  temperature  none  of  the  wires  ahowed  any  general 
stretching.  There  was  a  slight  extension  of  from  0*5  to  1  per  cent.,  due 
entirely  to  a  sharp  reduction  of  diameter  at  the  actual  point  of  rapture.  The 
diameter  of  the  wires  after  breaking  confirmed  that  there  had  beea  no 
general  stretching. 

At  the  boiling  point  of  liquid  air  all  the  wires  stretched  from  11  to  12  per 
cent.  This  stretching  affected  the  whole  length  of  wire  between  the  K"P3> 
and  the  diameter  waa  correspondingly  reduced.  The  tenacity  was  therefore 
always  calculated  on  this  reduced  diameter. 

The  granular  texture  after  thia  second  stretching  appeared  sl%htly  finer 
than  that  of  the  wires  which  broke  without  stretching,  and  it  is  believed  that 
thia  revival  of  plasticity  at  the  lower  temperature  is  due  to  the  further 
breaking  down  of  the  granules  of  C  phase,  which  is  rendered  possible  by  the 
increased  hardness  and  tenacity  of  the  A  phase.  If  the  second  stretching  had 
taken  place  under  the  more  favourable  conditions  of  wire-drawing,  it  seems 
probable  that  there  would  have  been  s  corresponding  increase  of  the  maximum 
tenacity  at  the  low  temperature. 

We  propose  to  test  thia  question  by  actually  drawing  wires  at  the  boiling 
point  of  liquid  air.  In  this  connection  it  is  to  be  noted  that  experiments  on 
wire-drawing  at  temperatures  above  15°  produced  wires  of  lower  tenacity ;  it 
appears  probable,  therefore,  that  for  each  metal  there  is  a  certain  temperature 
at  which  wire-drawing  will  produce  the  maximum  tenacity,  and  that,  in  the 
metals  here  referred  to,  that  temperature  is  considerably  below  15°  perhaps 
even  below  —182°. 

The  maximum  tenacities  recorded  by  Dewar  and  Hadfield  are: — At  the 
ordinary  temperature,  gold  16*1  tons  per  square  inch,  silver  19'5  tons,  and 
copper  15  tons.  At  the  boiling  point  of  liquid  air,  gold  20'1  tons,  silver  24-8 
tons,  and  copper  20'1  tons.  With  the  exception  of  the  figures  for  gold,  these 
tenacities  are  all  considerably  lower  than  those  we  have  obtained.  This  was 
only  to  be  expected,  for  the  above  tests  on  copper  were  made  on  the  metal  in 
the  annealed  condition.  In  the  case  of  gold  some  further  explanation  appears 
to  be  called  for.  The  tenacity  of  pure  gold  in  the  aunealed  state  was  found 
by  Boberts-Austen  to  be  7  tona  per  square  inch,*  so  tliat  the  specimen  used 
in  the  obaervations  by  Uewar,  if  of  equal  purity,  must  have  been  in  the 
hard-drawn,  not  in  the  annealed  or  crystalline  condition. 

A  study  of  the  form  and  appearance  of  the  fractured  ends  of  the  vrirea  used 

in  our  experiments  reveals  several  points  of  interest.     In  every  case  the 

•  '  PhU.  Trana,'  A,  voL  179  (1888),  p.  339. 
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copper  wires  ehowed  the  cupped  formation  at  the  fractured  ends.  This 
formation  is  evidently  due  to  the  lower  tenacity  of  the  central  core,  which 
breaks  before  the  outer  skin  has  completely  given  way.  The  skin,  therefore, 
appears  like  a  sleeve  pulled  over  the  fractured  ends  of  the  core  on  both 
pieces.  The  weakness  of  the  core  is  caused  by  the  presence  of  gases,  which 
no  doubt  originally  appeared  as  bubbles,  but  which  have  been  diawn  out  into 
fine  tubes  during  the  wire-drawing.  The  minute  holes  dotted  all  over  the 
broken  ends  of  the  core  are  distinctly  visible  with  a  low  power  objective. 
From  Uie  nature  of  the  fracture  it  is  evident  that  this  fibrous  or  cellular  core 
is  a  Bouroe  of  weakness  and  must  considerably  reduce  the  tenacity  of  the 
tuetaL  It  is  possible  that  the  flowing  action  to  which  the  metal  has  been 
subjected  may  have  caused  the  disengagement  of  occluded  or  dissolved  gasee 
at  the  moment  of  the  passage  of  the  C  into  the  A  phase.  A  proportion  of  the 
gas  disengaged  would  naturally  be  driven  in  towards  the  centre  of  the  wire, 
as  the  outer  akin  must  be  comparatively  impervious. 

The  sOver  wires  occasionally  showed  a  slight  cupped  formation,  but  in  this 
case  tiie  structure  appeared  due  to  the  presence  of  minute  bubbles  of  gas,  as 
if  these  had  been  given  out  at  Uie  moment  of  fracture.  In  the  main  the 
fractured  ends  present  the  appearance  to  be  expected  from  an  extremely 
viscous  and  fairly  homogeneous  solid. 

The  gold  wires  were  practically  free  from  gases,  and  their  fracture  was 
almost  perfectly  viscous.  Fig.  4  is  a  phot<^raph  of  the  fractured  ends  of  a 
gold  wire,  one  of  which  has  been  slightly  etched,  to  show  the  stream  lines 
marked  out  by  granules. 
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In  the  first  test  at  15°  the  wire  broke  without  any  general  stretching.  In 
the  test  at  —182°  there  was  a  general  stretch  of  11^  per  cent.,  and  the 
diameter  was  reduced  accordingly.  The  tenacity  is  therefore  calculated  on 
this  reduced  diameter. 

The  second  test  shows  that  the  first  wire  had  been  weakened  by  over- 
drawing. 
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In  the  first  test  at  16°  the  wire  broke  widiout  any  general  Btretchiog.  In 
the  test  at  —182°  there  vae  a  general  stretch  of  11  per  cent  The  tenacity 
was  therefore  calculated  on  the  reduced  diameter.  The  resolt  of  the  second 
test  of  the  further  drawn  wire  makes  it  probable  that  tiie  first  wire  had  been 
over-drawn. 
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In  all  the  testa  at  1&°  the  wire  broke  without  any  general  stretching.  In 
the  test  at  —182°  there  was  a  general  stretch  of  12  per  cent.  The  tenacity 
was  therefore  calculated  on  t^e  reduced  diameter. 

The  further  tests  show  that  Uie  full  tenacity  is  not  reached  by  drawii^  to 
2'1  times  tJie  original  length  after  annealing.  Taken  in  conjunction  with 
the  gold  test,  however,  it  would  appear  that  a  stretching  of  three  to  four 
times  is  BufBcient  to  develop  the  maximum  tenacity. 
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I%e  Refractive  Indices  of  Sulphuric  Acid  at  Different 

Concentrations. 

By  V.  H.  Vklkt,  F.R.S.,  and  J.  J.  Manlet,  M^ 

(Receired  March  28,— H«ad  April  6,  1906.) 

During  the  pi 
the  refractive  : 
differeDt  rays  f 
refractive  energ 
have  published  i 
according  to  the  object  in  view. 

Baden  Powell*  appears  to  have  been  the  first  to  give  values  of  the  refrac- 
tive indices  of  the  Frannhofer  lines  B,  C,  D,  £,  F,  G,  and  H  for  a  sample  of 
acid  d  18'5/T  =  1*835  (about  94'5  per  cent  concflntration),  though  the  tem- 
perature of  the  water  density  is  not  given.  The  object  of  this  work  waa  for 
the  purpose  of  comparing  Uie  observed  results  for  /^b,  etc,  with  those 
calculated  by  Sit  W,  B.  Hamilton's  modification  of  Cauchy's  dispersion 
formula. 
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The  principal  conclusions  arrived  at  by  Van  der  Willigen  may  be 
summarised  briefly  as  follows : — 

1.  Biot  nud  Arago's  general  formnia 

(100-^)0*»-l)/i+;>  (M"-l)/rf'  =  100  (fi'"-!)/^', 
in  whictij?  =  percentage,  /*,  /*',  ^",  d,  d',  and  d"  are  the  refractive  indices  and 
densities  for  sulphuric  acid,  water  and  the  mixtures  respectively,  is  not 
applicable 

2.  The  maximum  refractive  index  occurs  between  the  concentrations  81-41 
per  cent,  and  85-98  per  cent.,  con-esponding  approximately  to  the  mono- 
hydrate  HjSOirHgO  (84'6  per  cent.) ;  there  are  also  well-marked  alterations 
in  the  coefficients  B  of  Gauchy's  dispersion  formula  of  the  form 

/t=A  +  B/X»+C/X* 

at  about  72  per  cent,  or  the  point  of  maximum  contraction  of  mixtures  of 
sulphuric  acid  and  water. 

3.  For  more  dilute  solutions  an  empirical  equation  ^  =  A  +  ^  +  ^  appears 
to  hold  good. 

Handl  and  Weiss*  gave  values  of  ^  for.  the  Frannbofer  lines  A,  B,  C,  T>,  E, 
and  F  for  sulphuric  acid  d  20/1  =  1*8513  mixed  with  snccessive  quantities 
of  water  to  obttdn  9/10,  8/10,  etc.,  concentration.  From  the  densities  the 
percentage  values  have  been  recalculated  by  Gladstone  and  Hibbertt  The 
object  of  their  investigation  was  to  trace  out  the  relation  between  the  con- 
traction on  admixture  and  the  retardation-coefficient,  namely,  C/8,C  =  con- 
traction, and 

e  _  /'(v-^v»^-CYlV,)-VlM-^Vtf*" 

V.Vv*>" 

in  which  fi,n',n"  have  the  same  s^iGcance  as  above,  Yj  and  V]  the  volumes 
of  the  acid  and  water  respectively,  and  V  that  of  the  mixture. 

Gladstone}  gave  the  values  of  fi^^,  /iq,  and  /i."  for  nine  samples  of  sulphuric 
acid  of  specific  gravity  varying  from  1*118  to  1*843  (the  latter  determinations 
beii^  apparently  made  at  different  temperatures),  in  order  to  determine  the 
refraction-equivalents  of  the  acid  itselt 

In  a  subsequent  communication  the  same  author,  with  Hibbert,§  gives  the 
valu^  for  Ea,  Bq,  Bb.  namely,  the  refractive  energies  for  these  three  lines  for 
20  samples  of  sulphuric  acid  of  percentage  concentration  varying  from  3*25  to 
97*5  per  cent     Unfortunately  only  the  refractive  index  for  water  is  given, 

*  *  WiflD.  Akad.  Ber.,'  voL  30,  p.  389, 1858. 

*  '  Jour.  Chem.  Soc  Tnuw.,'  1895,  p.  866. 
t  '  PbiL  Trana,  vol.  160,  p.  9, 1870. 

f  '  Joum.  Chem.  Soc  Traos.,'  1895,  p.  866. 
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and  not  those  of  the  mixtures,' nor  determinatioQe  of  the  densities,  though 
determined  with  an  error  of  1  in  8000,  which  is  fairly  large. 

It  appears  that  from  the  original  determinations  Uie  refractive  energies 
vere  calculated,  that  of  tlie  water  deducted  ^d  the  remainder  taken  as  that 
of  die  acid,  a  method  which,  as  the  authors  themselves  admit,  throws  all  the 
errors,  whether  experimental  or  arising  from  impurity,  upon  the  acid.  The 
purport  of  the  argument  is  to  show  that  the  molecular  refraction  varies  hut 
little  with  the  concentration,  though  subseqaeotly  it  is  shown  by  a  curve  that 
"  there  is  a  sudden  increase  when  a  little  water  is  added  to  the  anhydrous 
acid,  and  after  that  a  slow  decrease."  The  curve  given,  however,  appears  to 
be  an  abridgment  of  the  curves  of  Van  der  Willigen  expressed  in  different 
terms,  and  with  the  errors  consequent  upon  Uie  methods  adopted. 

It  further  appears  that  the  method  of  calculation  and  reasoning  therefrom 
is  at  variance  with  the  concluBion  of  Yan  der  Willigen  that  a  formula  such  as 
that  proposed  by  Biot  and  Arago  is  unsuitable. 

Le  Blanc*  made  seven  determinations  of  the  density  and  fiqj  of  acids  varying 
in  concentration  from  4*78  to  9411,  and  showed  that  the  values  of 
M(fi,D~l)/diov  sulphuric  acid  increases  nearly  uniformly  with  the  dilution, 
and  from  a  comparison  of  these  values  with  those  of  sodium  sulphate,  which 
have  a  constant  value,  he  infers  that  the  variation  in  the  former  case  is  due 
to  the  hydrogen  ion  with  probable  ezclueion  of  the  sulphion  ion. 

Hallwachst  gave  the  ratios  of  V  (dilution  as  gramme/Utre),  VAn.lO' 
(molecular  refraction  change),  and  coefficient  of  ionisatiou,  and  his  values 
show  that  the  two  latter  increase  as  the  molecular  dilution  increases. 

Pickering^  recalculated  Van  der  Willigen's  results,  and  gave  a  lou^  illus- 
tration of  the  curve  of  refractive  index  in  terms  of  percentsge  concentration, 
f^m  which  it  is  concluded  that  the  maximum  value  of  the  refractive  index 
corresponds  with  the  composition  of  the  monohydrate  H)SOt3jO  (84*5  per 
cent  HaSO«)  and  there  are  minor  alterations  at  about  60  per  cent,  nearly 
corresponding  to  the  compositicoi  of  the  tetrahydrate  H)S0(4H)0,  and  anoUier 
about  24  per  cent  After  alluding  to  possible  sources  of  error  in  Van  der 
Willigen's  determinations,  Pickering  expresses  the  opinion  that  "a  full  series 
of  observations  would  supply  further  important  evidence  as  to  the  nature  of 
sulphuric  acid  solutions." 

From  this  riswnU  of  literature  it  appears  that  the  different  observers  hav9 
viewed  their  results  from  entirely  different  standpoints.    The  recent  investi- 
gations of  KnietZ6ch§  on  the  remarkable  alteration  in  the  physical  and 
*  '  Zeita.  PhjBikaL  Chem.,'  (4),  p.  633,  1889. 
+  'Wied.  Ann.,'  vol.  47,  p.  391,  1898. 
X  'Jour.  Chem.  Soc  Trans.,'  1B93,  p.  99. 
S  ■  Ber.,'  ToL  34,  p.  4069,  1901. 
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chemical  properties  ot  sulphurio  acid  containing  97  to  S8  per  cent  aulphuric 
acid,  and  our  own  determinationn*  of  the  refractive  indices  of  nitric  acid 
induced  as  to  take  np  the  Bubject  witb  eepecial  reference  to  the  more  con- 
centrated solutions,  and  to  the  variations,  not  only  of  refractive  indices,  but 
also  of  dispersion  constants  (a  subject  l&Tga\f  neglected),  witb  percentage 
strength  or  molecular  dilution. 

Determination  of  CoTieeTttraiion. 

Hie  concentration  was  ascertained  hy  means  of  the  densities,  which  also 
fierre  as  factors  in  the  Qladstone-Bale,  Lorentz  formulee,  and  the  results  at 
16^/4'^  ascertained  hj  Table  I  of  the  £.N.KK.  report  Various  forms  of  the 
U'tnbe  pykuometer  were  at  first  tried,  hot  in  the  case  of  the  more  concen- 
trated acida,  the  risk  of  absorption  of  water  during  the  neceeaary  operations 
appeared  to  be  too  considerable.  Eventually  the  capillary  bottle  pyk- 
nometer  (of  25  cc  capacity)  was  adopted,  covered  witb  a  glass  plate,  as  used 
by  Mendeieef  and  Pickering,  and  weighed  against  a  sealed-up  similar  bottle 
as  a  tare,  a  very  necessary  precaation,  as  pointed  out  in  the  E.N.E.K.  report 
p.  216,  and  more  particularly  worked  out  by  one  of  us  (J.  J.  M.).t  Each 
determination  was  made  in  duplicate,  one  with  s  rising  the  other  with  a 
falling  thermometer,  the  pykuometer  being  kept  in  each  case  in  the  water 
bath  for  about  an  hour,  when  it  was  supposed  that  the  innermost  core  of 
acid  had  attained  to  the  same  temperature  as  the  outer  portions ;  the  errors 
of  temperature,  as  recorded  by  the  thermometer,  probably  did  not  exceed 
+  O'Ol.  The  maximum  difference  in  the  two  duplicate  experiments  was 
about  3  milligrammes  for  the  more  concentrated  acids,  and  less  for  those  of 
lower  strength;  if  the  mean  value,  1*6  milligrammes,  is  adopted,  an  error 
is  implied  of  O'OOOl  in  density. 

For  the  thermometer  (Gerhardt  6543  Jena  glass)  (1°  =  16  mm.)  used, 
die  following  calibrations  were  undertaken : — (1)  Of  scale  reading  by  a 
Bilger  travelling  microscope,  itself  calibrated  against  a  metre  standard 
divided  into  millimetres;  (2)  of  thread-length  by  Gay-Lnssac's  method  as 
modified  by  Thorpe  and  Rlicker} ;  (3)  of  zero  displacement;  the  readings 
were  reduced  to  the  international  hydrogen  scale  by  Scheel's  tables  for  Jena 
glass  16'".$  The  temperature,  as  recorded,  is  thus  in  accord  with  that 
adopted  by  the  KN-RE. 

The  reduction  factor  for  water  at  16"  was  taken  from  Thiessen,  Scheel  and 

*  "Roy.  Sot  Proa,"  vol.  69,  p.  86,  1901,  and  ' PhiL  Mag."  (6),  voL  3,  p,  118,  1902. 

+  '  Proc.  Boy.  Soc.  Edin.,'  1902,  p.  358. 

X  '  Britisb  ABSociation  Report,'  1882,  p  145. 

g  ■  Wied.  Ann.,'  vol.  68,  p.  108,  1896. 


d  by  Google 


1908.]  Indices  of  SiUphvfic  Acid  at  Different  Concentrations.  478 

Diesaelhorst'B*  values,  and  those  for  redaction  of  the  weigbingB  to  Taoanm 
firom  Kohlransch's  tables-t 

As  it  is  not  desired  to  contribute  further  to  the  accumulated  literature 
on  the  densities  of  sulphorio  acid,  one  example  only  need  be  cited  to 
illustrate  the  degree  of  concordance  of  our  results  with  those  of  previous 
observers. 

The  density  was  determined  of  a  sample  of  acid  supplied  by  Dr.  Measel, 
purified  by  frequent  cryatellisation  of  the  concentrated  acid,  and  similar  to 
tboae  used  by  W.  H.  Perkin,  sen.^  and  Pickering^  in  their  investigations. 
The  value  obtuned  at  15/4  was  1-83736,  that  calculated  by  the  K.N.E.E. 
(Report,  p.  163)  from  Perkin's  observatione  at  15/15,  20/20,  and  26/25,  and 
reduced  to  the  hydrogen  scale  is  1-83743,  or  a  differenoe  of  0-00007  in 
density  and  of  O'Ol  in  percentage  value,  namely,  99*62  as  gainst  S>9'61 
per  cent. 

Determination  of  It^fnutiv&  Indices. 

The  spectrometer,  quartz  prism  with  ite  fittings,  and  the  general  methods 
of  observation  were  precisely  as  described  in  our  previous  work||  on  nitric 
acid  solutions,  so  that  it  is  only  necessary  to  give  a  brief  description  and  add 
a  few  remarks  upon  the  further  resulte  of  our  experience. 

The  spectrometer,  for  the  continued  loan  of  which  we  are  indebted  to  the 
Government  Grant  Committee  of  the  Boyal  Society,  waa  obteined  ^m 
Becker  (Meyerstein's  successor).  Ite  graduated  circle  is  27  cm.  diameter, 
and  reads  directly  to  1/10";  it'  is  furnished  with  two  reading  microscopes, 
supplied  with  micrometers,  three  revolutions  of  which  correspond  to  one 
scale^livision ;  as  the  micrometer  screw  heads  are  divided  into  60  parts,  an 
observer  is  enabled  to  read  directly  to  two  seconds.  The  circle  was 
calibrated  by  both  the  telescope  and  plumb-line  methods,  which  we  have 
described.^  The  dimensions  of  the  plates  of  the  quartz  prisms  were 
75  mm.  x  68  mm.  x  6  mm.,  of  the  aperture  20  mm.,  and  the  angle  of  the 
prism  about  60°  6'.  The  plates  were  cemented  on  by  paiaS^,  purified  by 
solphuric  acid,  and  then  frequently  by  water ;  it  did  not  appear  that  any 
subsequent  action  between  the  acid  and  the  paraffin  occurred  in  the  coarse  of 
the  observations. 

It  was  found  that  vibrations  due  to  traction  engines,  wagons,  eto.,  passing 

*  '  Wied.  Aan.,'  vol.  «^  p.  340, 1897. 
+  '  Uitfaden,'  p.  408. 
t  '  JouHL  Chem.  Soc.  Trans.,'  1886,  p.  782. 
§  '  Joum.  Chem.  Soc.  Tnna.,'  1890,  p.  73. 
II  (y.  refermoe  (p.  47S). 
T  Drudtfa  '  Annalen  dar  Phymk,'  vol  4,  p.  676, 1901. 
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along  the  street,  sitoated  some  35  Taids  from  the  laboratory,  might  produce 
a  variation  in  reading  of  as  much  as  20"  of  arc ;  these  vibrations  doubtlew 
caused  some  dii^lacement  of  a4ju8tiDg  screws  or  springs.  The  errors  arising 
from  these  variations  were  duly  corrected. 

Hie  angle  of  the  prism  was  found  to  vary  about  10"  in  different 
rebuildinga,  sometimes  in  one  and  sometimes  in  the  other  direction;  its 
value  was,  therefore,  taken  every  few  dsya  The  two  extreme  values  were 
60*  6'  0"  and  60°  6'  24". 

.  As  in  our  previous  work  the  minimum  deviation  was  determined  at  three 
different  temperatures ;  from  the  values  obtained  the  coeffituent  of  Taiiation 
per  degree  temperature  was  calculated  out,  and  iTom  its  mean  valne  the 
minimum  deviation  at  15°  was  estimated,  and  this  used  for  the  recorded 
value  of  pi.  One  series  of  observations  will  serve  to  illustrate  this  adopted 
method. 
Ooneentration  of  «tmple,  W'&2*.    Lin«  I>. — 

(n)  Minimum  dttviatjon 38*    6*  42"  at  13-6 

(6)  „  „         32     4     2        16-6 

(o)  „  „         32  11  £2        10-1 

TariatioD  of  mmimDm  doviation  per  dflgree  tompnatun  (K) — 

From  (a)  and  (6) K  -  84" 

C«)        ifi) K-80 

(t)        <<!) K»62 

Mean 82" 


Ueing  the  above  variation,  the  corrected  valaea  for  mintmnm  deviation  at  I&  appear  as 

(o)  32'4'6r^ 

(()  32  4  47    >Meaa  value  38*  4' 47" 

(o)  38  4  44  J 

Talae  of  ft<*p  calculated  from  above  =  1*438638. 

In  some  of  the  later  experiments  the  above  method  was  slightly  modified 
as  follows :  observations  were  made  at  every  1/6°  through  one  whole  degree 
with  the  thermometer  rising  very  slowly;  from  these  the  mean  value  of 
the  minimum  deviation  at  the  mean  temperature  was  calculated.  The 
temperature  was  then  raised  slowly  about  2**,  and  a  second  series  of  observa- 
tions made  at  every  1/5°  which  were  dealt  with  similarly.  Finally,  the 
two  seta  of  observations  were  compounded  together,  and  their  mean  taken 
at  mean  temperature ;  the  value  thus  obtained  was  the  result  of  10  distinct 
delerminationa 
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Speetrvm  Lines  Used. 
The  sodium  line  and  the  three  hydrogen  lines  H^  H^>  and  Hy,  were  osed 
for  the  determinations ;  the  first  was  obtained  bj  a  flame,  and  the  three  last 
from  two  Pfliicker  tubes  of  slightly  varied  construction.  It  was  found  after 
several  attempts  that  the  line  Hi  was  not  piacticable  to  deal  with,  a  result 
in  accordance  with  observations  of  other  workers  upon  refractive  indices. 
The  wave-lengths  of  the  four  lines  used  were  taken  as  689-3  (mean  of  D| 
and  Da),  656-3,  4861,  and  434  millionths  millimetre  respectively. 

Magnitude  of  Error. 
Adopting  all  the  corrections  detailed  in  the  present  and  previous  com- 
monication,  we  believe  that  the  ernvs  in  the  values  of  fj,  do  not  exceed  a 
few  units  in  the  sixth  places  of  decimals  for  acids  below  90  per  cent 
concentration ;  above  this  the  error  may  amount  to  one  unit  in  the  fifth 
place.  At  present  one  of  us  (J.  J.  M.)  is  eng^ed  upon  devising  a  method  of 
overcoming  the  experimental  difficulties  in  dealing  with  acids  of  the  highest 
concentration. 

Samples  of  Suipkwric  Acid. 

We  are  indebted  to  Dr.  Messel  for  a  liberal  supply  of  two  samples  of  add 
(both  of  which  had  been  purified  by  frequent  crystallisation),  one  labelled 
coneentTOied  acid  and  stated  to  be  of  997  per  cent  strength,  the  other  labelled 
catalytic  acid,  and  stated  to  be  of  99*6  per  strength.  The  values  found  by  us 
by  the  densities  at  15/4  according  to  the  KN.E.K  tables  were  99-62  and  99-4 
respectively ;  these  slight  differences  are  within  the  errors  of  observation.  The 
values  found  for  ft,  and  d  for  these  two  acids  were  compared  at  nearly  the  same 
concentration,  76-31  and  76-59  respectively ;  they  difiered  only  so  far  as  the 
differences  of  concentration.  These  acids  may,  therefore,  be  taken  as  identical 
in  physical  properties,  though  their  past  history  of  manufacture  was  different. 

A  third  sample,  used  for  one  determination  only  in  the  present  work,  was 
purchased  of  Herr  E.  Merck,  of  Darmstadt,  as  of  1-84  density;  the  value 
found  at  15/4  was  1-84161,  which  is  slightly  higher  than  the  maximum 
1-84148,  found  by  the  KN.E.K.  at  97-3  per  cent  The  difference,  0-00013, 
corresponds  to  error  in  webbing  of  the  acid  of  2  milligrammes,  or  a  difference 
of  temperature  of  about  0-11. 

Certain  tests  were  made  to  ascertain  the  purity  of  the  several  samples  of 
acid  as  follows : — 

1.  Organic  matter  and  ml^urova  acid  0-1  c.c  permanganate  solution 
(containing  01  milli^framme  available  oxygen)  added  to  10  o.c.  acid  and 
20  C.C.  water.  Catalytic  acid,  trace  of  these  impurities,  concentrated  and 
Merck's  acid.  free. 
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Chlorine  by  dilute  silver  nitrate  solution  added  to  acids  dilated  aa  above. 
Conceotrated  aotd,  minute  trace,  catalytic  and  Merck's  acid  free. 

Niirie  Acid, — By  addition  of  diluted  acids  to  a  crystal  of  bracine,  all  acida 
free. 

2iitroua  Add. — ^By  t^e  meta-phenylene  diamine  test,  which  according  to 
Qur  previous  investigationH  will  reveal  the  presenoe  of  1  part  in  15  x  10^  of 
this  imparity.  Concentrated  and  catalytic  acids  at  limit  of  delicacy,  Merck's 
acid  beyond  .the  limit 

Ammonia. — An  excess  of  soda  solution  free  from  ammonia  was  added  to 
10  cc.  of  each  sample  of  acid,  and  then  2  c-c.  of  Nessler's  solntion  added.  A 
faint  yellow  tintiwas  produced  in  the  case  of  all  three  acids,  indicating  a  slight 
trace  of  anunonia,  which  would  produce  no  effect  on  the  results. 

PurifictUion  of  Water  uud/or  ZHlution. 

Ordinary  tap  water  was  boiled  for  some  time  in  ao  open  copper  boiler  to 
drive  off  dissolved  gases  and  other  volatile  matter ;  the  boiler  was  then  closed 
and  Uie  steam  passed  into  two  boilii^  dilate  solutions  of  potassium  perman- 
ganate (the  fiist  slightly  acidified,  wiUi  eulphnric  acid,  the  second,  strongly 
alkaline),  which  were  contained  in  bolt-head  Jena  glass  flasks  of  abont  1  litre 
capacity.  The  steam  tiien  passed  through  a  form  of  spray  tap,  which  proved 
highly  eflScient,  and  thence  into  a  condenser  with  a  block-tin  inner  tube;  the 
water  dripped  into  a  bottle,  invariably  steamed  oat  previous  to  use.  Though 
rabber  stoppers  were  used  in  the  apparatus,  y^  it  was  found  that  if  these  had 
been  well  steamed  previously,  no  sensible  amount  of  impurity  was  imparhid  to 
the  water. 

The  specific  conductivity  £cm~'  ohm~'  of  numerous  samples  of  this  water 
was  determined  aa  a  test  of  purity ;  it  varied  from  1-2  x  10~"  to  1*5  x  10'*. 
The  former  value  does  not  differ  widely  from  that  (0*96  x  lO"")  found  by 
Eohlrausch  and  Maltby*  for  water  specially  purified,  but  not  distilled  in 
vacuum,  which  last  has  a  value  of  0*04  x  10~'.  The  above  investigators  &om 
the  observations  of  Ejaoxf  have  traced  the  difierence  to  dissolved  carbon 
dioxide.  Adopting  the  data  of  the  latter,  the  molecular  proportion  of  carbon 
dioxide  in  our  samples  of  water  would  vary  from  0000057  to  0-000081 
gramme  equivalent  litro,  or  a  quantity  which  can  with  all  reason  be  assumed 
to  be  insufficient  to  produce  any  sensible  difference  in  the  determinations  of 
lefiacttve  index. 

The  value  found  for  water  prepared  according  to  the  method  described 
above  was  /ti>"  =  1*333468 ;  as  this  is  lower  than  the  value  found  by  others, 

*  ■  Wiss.  Abfa.  BeichsuiBtalt,'  toL  3,  p.  193,  1900. 
t  '  Wied.  Aad.,'  vol.  U,  p.  54, 1896. 
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as  also  by  oareelves  in  our  former  work,  it  was  thought  desirable  to  repeat  the 
obserratioQS,  aud  the  reanlts  are  briefly  tabulated  aa  under : — 

Water,     Mean  conductivity,  E  =  1*3  x  10~*. 

No.  of 

Tamperature.  obMrratioDB.  Bu  (reduced). 

19-2  4  23°  40'  57" 

14-8  4  23  40  59 

14  3  23  40  69 

145  1  23  40  67 

15-1  4  23  40  56 

The  mean  value  of  the  16  obeervationa  ia  {»  »  23°  40'  68"  ±0*23" ;  the 
refracting  an^^e  of  the  prism,  rebuilt  for  the  purpose,  was  60°  6'  20"  ;  hence 
/*d"=1-333S93,  still  slightly  lover. 

In  order  to  determine  whether  the  disciepaiioy  was  due  to  dissolved  carbon 
dioxide,  in  however  small  a  proportion,  or  to  dissolved  silica,  the  following 
series  of  experiments  were  conducted. 

Firttly,  as  to  carbon  dioxide,  the  gas  was  prepared  from  marble  and  dilute 
hydrochloric  acid,  both  of  reasonable  puri^ ;  it  was  washed  with  water  and 
then  passed  through  a  lube  about  ^  metre  long,  packed  with  marble,  the 
further  end  of  which  was  drawn  ont  and  bent  round,  bo  tbat  the  gas  might  be 
delivered  into  the  water  contained  in  the  prism  and  impurity  due  to  rubber 
connections  avoided. 

To  ascertain  the  efficacy  of  the  apparatus  for  the  purpose  required,  the 
packed  tube  was  first  steamed  out  and  then  the  gas  passed  into  water  to  the 
point  of  saturation.  The  solntion  thus  obtained  was  &ee  from  all  trace  of 
hydrochloric  acid. 

The  results  of  the  observations  upon  the  effect  produced  by  the  solution  of 
the  carbon  dioxide  axe  given  below: — 
No.  of 
experiment  f>i>'*.  Semuks. 

I  1-333386  Volume  of  gas  dissolved  about  15  c.c 

II  1-333371  „  „  3-0  ca 

III  1-333335  Water  saturated. 

IIIa 1-333365  Solution  HI  after  standing  for  13  hours. 

It  is  evident  from  these  r^ults  that  the  presence  of  carbon  dioxide 

decreases  the  refractive  index  of  water,  and  the   greater  the  amount  so 

dissolved  the  lower  the  value,  and  conversely,  if  the  gas  passes  out  of  solution 

the  value  ia  increased. 

SeeoTtdly,  as  to  silica ;  a  crystal  of  quartz  was  boiled  in  nitro-hydrochloric 
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acid,  then  irith  highly  purified  water;    it  was  then  ignited  and  quickly 
dropped  into  water ;  tiie  powder  tiiua  obtained  was  frequently  washed. 
The  tesnltB  of  the  observations  are  given  below : — 

Value  of  /to"  for  a  freshly  prepared  sample  of  water  =  1*333393. 
»  „    left  in  contact  with  quartz  for  13  hours  =1-333371. 

The  presence  of  silica  also  rednces  the  f  alue  of  the  refractive  index,  though 
only  to  a  degree  almost  inappreciable.  So  far  as  we  are  aware  there  has  been 
no  investigation  upon  the  aolnbility  of  silioa  in  water  as  determined  by  the 
method  of  electric  conductivity. 

The  case  of  the  diecrepancy  between  the  value  of  the  refractive  index  as 
found  by  ourselves  and  previous  obaervere  may  be  aummarised  as  follows: — 

Our  lower  value  m^ht,  so  far  as  the  observation^  upon  the  efiect  produced 
by  carbon  dioxide  indicate,  be  due  to  that  cause,  but,  on  the  other  hand,  the 
h^ucntly  rppeatod  determinationa  of  the  electric  conductivity  show  that  the 
amount  of  this  impurity  present  was  insignificant,  being  not  greater  than 
that  found  by  other  workers  for  samples  of  water  carefully  rectified,  bat  not 
distiUed  in  vacua  The  lower  value  might  also  be  due  to  silica,  tiiough  the 
alteration  produced  by  this  salMtance  is  very  slight  even  in  extreme 
circumstances. 

On  the  other  band  the  higher  value  found  by  previous  observers  might  be 
due  to  the  solution  of  alkalies  and  other  metallic  oxides  from  the  glass  used 
for  the  prisms. 

It  would  require  a  prolonged  series  of  experiments  to  decide  this  matter, 
and  as  the  refractive  index  of  pure  water  is  only  incidental,  so  far  as  regards 
the  present  investigation,  we  prefer  only  to  state  the  case  and  to  leave  it  as  a 
subject  of  further  enquiry. 

JUmlia, 

In  the  following  table  are  given  in  Column  I  the  reference  number  of 

sample,  in  Column  II  the  percentage  value  as  deduced  from  the  density,  and 

in  Columns  III-YI  the  values  of  fi  reduced  to  15°  C.  for  the  four  lines 

Ha,  D,  H^  and  H^  respectively. 
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.Table  L 


I. 

n. 

III. 

IV. 

T. 

VI. 

I 

0-84 

1-882806 

1334864 

1-838807 

1-343029 

I 

1-76 

338944 

886794 

339984 

843181 

s 

8-88 

886M6 

S38313 

84249 

346704 

4 

6  1 

837896 

839666 

813e64 

347826 

e 

9 '68 

S4S48S 

845861 

340683 

362936 

6 

14  0 

849001 

350963 

358676 

7 

IB 'SI 

864822 

866297 

360653 

363980 

8 

22  16 

859194 

861248 

865608 

868S64 

9 

25-9 

664051 

86606 

370606* 

378882 

10 

29  24 

36611 

870196 

374726 

378211 

11 

80-86 

370161 

872280 

37683 

380248 

la 

34 '8G 

874218 

376882 

380948 

384426 

18 

88 '48 

3791S4 

381386 

886002 

389580 

14 

42-46 

SStlI9 

38636 

30090 

304607 

IS 

46 '40 

388987 

801184 

809506 

16 

62-24 

898689 

403406 

406851 

17 

66-22 

401666 

403907 

406767 

412274 

18 

69-65 

406267 

406682 

418446 

416976 

19 

62-66 

410686 

41286 

417767 

421487 

SO 

66-44 

415487 

417822 

422782 

426462 

21 

69-6 

419888 

422156 

427177 

480648 

2a 

72-28 

43596 

430048 

434684 

28 

74-86 

.  426866 

429186 

487938 

24 

76-8 

428797 

43118B 

436185 

430687 

24(iu) 

76-69 

42908. 

481388 

486404 

440167 

26 

78-09 

480S4I 

483208 

438242 

441083 

26 

80-06 

482946 

43629 

■   440336 

444070 

27 

80 -4S 

43323 

435628 

440668 

44438 

28 

81-77 

484442 

436S18  ' 

441871 

446682 

29 

88-2 

485469 

437B2 

443875 

44667 

80 

84-66 

436051 

488403 

448417 

447071 

81 

86-50 

486267 

438838 

448008 

447277 

82 

85-92 

486272 

438632 

448651 

417384 

88 

86-87 

486246 

438691 

44867 

447324 

84 

87-40 

486065 

43B4I 

44841 

447031 

86 

90-63 

48418 

436468 

441361 

440078 

m 

96-88 

430662 

438061 

487836 

441402 

St 

97-8 

426367 

427482 

432064 

486420 

88 

98-7 

41047 

421668 

486025 

480396 

39 

99-8 

418887 

420450 

429845 

428206 

We  give  by  way  of  comparison  the  results  obtained  by  Van  der  Willigeo* 
and  ooraelves  for  four  acids  of  approximately  the  same  concentration. 
The  former  have  been  reduced  as  to  densities  to  the  bydrc^n  scale,  and 
OS  to  percentc^^  to  modem  atomic  weights  by  the  E.N.E.K.,  and  to  a 
temperature  of  15°  by  the  temperature  coefficients  found  by  ounelves. 

The  agreement,  having  r^ard  to  the  latge  number  of  corrections  involved 
and  to  the  diffeioiioe  of  purity  of  water  and  acid,  is  for  the  moat  part 
satisfactory  except  for  Hr.  Hie  diversity  in  the  last  case  may  arise  either 
from  differences  of  method.  Van  der  Willigen  using  a  helioatat  of  the 
Fahrenheit  type  and  a  1/100-inch  grating,  as  against  our  Ffilicker  tube,  ot  to 
*  Loe  eit.  »upra. 
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88-68  par  o«ait. 

88-47  per  omt. 

(aa-esoon-.). 

Kit. 

66JSpwosDt. 

T.udM. 
B6Mperomt 

Difl. 

H. 

1 -87984 

1-87987 

-^47 

1-4018S 

1-40166 

+  19 

1) 

sens 

88168 

-f4S 

40419 

H. 

88619 

+  69 

40888 

40677 

+  11 

u. 

89054 

88973 

41367 

41227 

+80 

n. 

n-U  per  iMQt. 

7B-S8peT(wiL 

-31 

81-68  par  onk 

81-77  per  OBnt. 

+  9 

1-43816 

1-43386 

1-48468 

1-48444 

D 

4asas 

42676 

-10 

4869S 

ti« 

48074 

-  7 

44195 

44188 

+  7 

H, 

48478 

48488 

+  84 

41605 

44668 

+47 

the  angle  34°  15'  of  the  prism  nsed  by  the  fonner,  which,  as  be  himself 
admits,  was  smaller  than  desirable,  or  to  both  causes  combined. 

Ttrnptraturt  QxffKietUi. 
The  values,  np  to  the  conoentration  22-16,  expreeaed  in  terms  of  10"*  and 
calonlated  as  explained  above,  are  given  below : — 

Table  III. 


otxS^t. 

0-84 
1-76 
8-88 
6-1 

86 
101 
101 
180 

9-66 
14-0 
18-81 
22-16 

ISO 
170 
218 
266 

The  coefGcients  beyond  thia  point  aie  practically  constant  within  the 
limits  of  experimental  error,  with  a  slight  maximum  between  the  con- 
centrations 84-87  per  cent,  from  which  there  is  a  tendency  towards  a 
minin'iTinT- 

It  will  he  evident  from  iha  data  given  in  Tables  I  and  III  that  the 
refractive  indices  increase  unifonnly  up  to  a  concentration  of  about  78  per 
cent,  thence  more  gradually  to  the  maximum  point  at  or  about  85*5  per  cent 

The  values  of  /t  for  Hb  and  Ad  (the  latter  being  shifted  10  unite  along  the 
sbscissffi  axis  to  the  right  to  avoid  too  much  overlapping),  in  terms  of 
percentages  from  66  to  94  per  cent,  are  illustrated  in  Curves  I  and  II,  from 
which  it  is  manifeat  that  these  values  may  be  represented  as  linear  fuDctions 
of  the  percentagef,  though  it  is  possible  that  about  the  maximum  point  the 
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TesultB  might  be  represented  upon  a  curve  to  which  the  straight  lines 
depicted  are  tangentiaL    Curves  111  and  IV  (on  a  more  open  scale)  illustrate 
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the  results  from  94  to  100  per  cent,  in  like  maaner ;  these  show  a  distinct 
curvature,  probably  of  a  hyperbolic  type. 

The  most  definite,  namely,  the  masimtun  point,  corresponds  approximately 
with  the  composition  of  the  hydrate  HsS04HjO  (84*48  per  cent),  though 
slightly  above  it,  as  previously  observed  by  Van  dei  Willigen.*  Lees 
marked  pomts  occor  at  about  76  for  /«  and  at  66  per  cent  for  Cauchy's 
constant  B,  which  again  correspond  only  approximately  with  the  hydrates 
HsSOtHjO  (73*13  per  cent)  and  H33042H,0  (6447  per  cent>  As  we 
have  pointed  oat  in  a  previous  communication,!  the  points  of  discontinuity 
are  to  some  extent  ideal,  in  that  an  apparently  abrupt  change  of  events  csn 
be  resolved  into  a  gradual  transition  stage.  It  is  not  our  purpose  to  deal 
further  with  the  question  of  the  existence  or  non-existence  of  hydrates  in 
Bolution,  as  it  has  been  so  fully  and  fairly  discussed,  and  the  literature  thereon 
BO  carefully  collated  by  Drs.  Domke  and  BeinJ  quite  recently,  that  any 
further  remarks  on  our  part  would  be  superfluous. 

The  irregularities  observed  from  95  to  100  per  cent  will  be  considered  in  a 
subsequent  section. 

lUfraction  EipmaleiUs. 

As  mentioned  above,  the  molecular  refraction  equivalents  of  the  snlphuric 
acid  as  the  differences  between  those  of  the  several  solutions  and  the  water 
contained  therein  have  been  calculated  by  Gladstone  and  Kibbert§  according 
to  the  factor  of  the  former  {ji.  —  l)/<2  =  constant 

But,  on  the  one  hand,  such  a  method  of  treatment  does  not  appear  to  us  to 
be  reasonable,  and  on  the  other  the  factor  is  only  empirical  Though  we  have 
calculated  out  the  values  of  {p^  —  l)/<i  10~*  for  the  various  solutions,  and 
found  that  they  decrease  approximately  as  a  linear  function  of  the  concentra- 
tion, yet  we  refrain  from  giving  these  data,  as  less  satisfactory  than  those 
obtained  by  using  the  more  rational  factor  of  Lorentz. 

In  Table  IV  are  given  respectively  in  Column  1  the  concentrations, 
in  Column  2  the  calculated  values  for  (/in.'"!)  (mh.'+2)(2  (hereafter 
designated  Bh.^  etc.,  for  the  sake  of  brevity). 

The  values  of  the  factor  AB/Ap  up  to  a  concentration  of  90  per  cent 
vary  only  by  one  or  two  units  from  70,  having  regard  to  errors  of 
experiment 

This  relation,  AR/Ap  —  constant  may  be  put  into  the  form  of  an  equation 
R,  =  R— oAp, 

*  Loe.  eit.wtipra. 

t  '  Roy.  Soc.  Proc.,'  vol.  69,  p.  119,  1901. 

{  Cf.  reference  above;  'ZeiU.  A-oorgan.  Chem.,'vol.  43,pp.  1G3  to  166  and  179  to  ISl,  1906. 

§  Loc  eiU  tupm. 
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Table  IT. 


Bh^ 

Bh^ 

0« 

204S2 

38 '4S 

17887 

1-76    1 

20390 

42  45 

17606 

8-88    1 

30245 

48-46 

17SS6 

6-1     1 

20160 

63-24 

16918 

g-68    1 

19862 

56-22 

16642 

14-0 

19GSI 

68-«6 

16400 

I926S 

62-88 

16169 

83-16 

25-fl 

18753 

69  6 

15708 

29-24    1 

18S16 

73-28 

15637 

18408 

15347 

34-86    1 

18160 

76-8 

15241 

78-09 
80-48 
81-77 
88-2 
84-66 
85-92 
87-4 
00-63 
96-33 
97-3 
98-7 
99-3 


16129 
14970 
14877 
14781 
14694 
14698 
14600 
14204 
14087 
13895 
18788 
13716 


in  which  B  is  the  value  for  any  concentration  taken  as  an  origin  of 
co-ordinates,  and  a  the  constant  But  a  closer  inspection  of  figures  and  the 
calculation  of  data  from  the  above  equation  show  that  there  is  a  slight  altera- 
tion at  about  <K}  per  cent,  not  amounting  to  more  than  1*5  per  cent,  in  the 
factor.  It  is  not  desired  to  lay  too  much  stress  upon  this  change,  which  is  of 
the  nature  ofa  very  gradual  transition,  but  merely  to  mention  that  this  is  the 
point  of  maximum  electric  conductivity  as  observed  by  Kohlrausch*  and 
oUiers,  and  also  a  point  of  variation  in  the  factors  of  other  physical 
properties. 

Otherwise  tlie  evidence  is  against  the  existence  of  hydrates  or,  to  put  the 
case  in  another  form,  it  matters  not  whether  the  water  is  combined  either 
with  the  sulphuric  anhydride  or  the  sulphnric  acid,  or  combined  with  neither. 

The  exceptional  values  of  AE/Ap  for  the  four  several  lines  for  the  higher 
concentratioDB  are  given  below : — 

Table  V. 


H^ 

.. 

H*. 

H, 

69 

69 

67 

96-83 

63 

46 

60 

51 

97-3 

71 

90 

90 

87 

116 

116 

09-3 

88 

88 

86 

S6 

In  the  succeeding  table  the  differences,  in  terms  of  10~',  are  given  between 
the  values  of  the  Lorentz  equivalent  observed,  and  those  calculated  from 
the  general  formula  Bj  =  B  —  a  A  ji,  the  two  lines  selected  being  D  and 
H^  namely,  the  most  and  least  practicable  for  observation  purposes. 

*  '  Pogg.  Ann.;  vol.  138,  pp.  238,  370,  1869  ;  ibid.,  vol.  151,  p.  378,  1874,  etc. 
VOL.  LXXVI. — A.  2  L  , 
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For  the  D  line  a  =  685,  R  =  20,348  between  the  limit  3-9  and  292 
per  cent,  and  a  =  68-9,  K  =  18,501,  between  the  limits  30*8  and  90-5 
per  cent. ;  similarly,  tor  the  H^  line,  a  =  70-5,  B  =  20,963,  between  0-9  and 
29-2  per  cent,  and  n  =  72, R  =  18,869,  between  308  and  905  per  cent. 

The  greateBt  difference  between  the  observed  and  calculated  resalta  amounts 
in  one  case  only  to  40  in  14,000,  bat  in  the  large  m^ority  of  cases  to  less  than 
one-fourth  of  this,  which  is  within  the  limito  of  experimental  error. 

In  Curve  V  the  percentages  are  given  along  the  abBcisase  axi?,  and  the 
values  of  the  Lorentz  factors  (to  four  places)  as  ordinates ;  the  former  are 
for  the  purpose  of  abbreviation  divided  into  three  sections,  namely,  from 
0  to  30,  30  to  60,  and  60  to  92  per  cent.  lespectively. 
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These  results  are  in  general  accordance  with  those  which  we  obtained  in  the 
case  of  nitric  acid,  the  only  points  of  difference  being  the  value  of  the 
constant,  namely  70-10~*  instead  of  (40  to  50)  10"',  and  the  fewer  tranaition 
stages.  It  is  possible  that  the  difference  of  the  factor  is  mainly  due  to  the 
presence  of  a  second  hydrozyl  grouping,  more  especially  as  recent  invest^a- 
tions*  upon  dielectric  constants  (E)  have  shown  that  the  presence  of  Ruch 
hydroxyl  groupings  increase  the  value  beyond  that  required  for  Uie  r^ht  hand 
side  of  the  original  equations  of  Lorentz, 

(ji'-l)/ijj.'-\-2)d    and    (K-l)/(K  +  2)d    each  constant. 
*  Thwing,  'Zeits.  Pbjukal.  Chem.,'  vol.  14,  p.  880, 1804. 
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Unfortnnstely  neither  the  obeervations  at  pi-eaent  Bocumulated*  nor  the 
d^ree  of  &cciiTao7  desirable  are  sofficient  to  deterjniDe  whether  au  equation 
of  the  form 

(K'-l)/(K',  +  2)d  =  (K-l)/(K+2)d-a4p 

would  hold  good. 

However  this  may  be,  if  we  consider  the  concentrations  from  3  to  95 
per  cent,  though  the  density  according  to  the  various  memoirs  on  the  subject 
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is  a  very  complicated  function  of  such  concentrations,  yet  the  factor 
(ji*  —  l)/0*'  +  2)  is  a  linear  function  of  the  density,  or  in  other  words  the 
ethereal  elasticity  is  in  simple  direct  relation  to  the  density,!  rather  simpler 
in  the  case  of  sulphuric  than  of  nitric  acid. 

It  is,  of  course,  true  that  the  range  is  very  short,  namely  from  X.  =  434  m/i. 
to  X.  =  656-3  m/4,  approximately  that  of  a  major  fifth  in  a  musical  scale,  but 
restrictions  are  imposed  by  the  limits  of  human  vision  and  the  particular 

*  Fleming  and  Dewar, '  Boy.  8oc  Proo.,'  toI.  61,  p.  309, 1897,  and  voL  62,  p.  868,  1698. 
t  Cf.  Lanaor, '  Phil.  Trmaa.,'  A,  1897,  pp.  236  to  246. 
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method  of  experiment  The  disciepancies  for  the  ranges  0  to  3  per  cent  and 
95  to  100  per  cent  are  doubtlees  due  to  wholly  different  causes. 

Similarly  our  observations  show  a  sudden  fall  in  the  factors  \p/^p  and 
AA/Ap  at  97'3  per  cent,  proceeding  to  98'7  per  cent,  followed  by  a  rise  at 
99-3  per  cent,  namely,  the  curves  for  these  factors  and  of  density  in  terms  of 
percentage  are  parallel 

Conversely  for  the  factors  A'RfAp,  commencing  with  a  change  at  95  per 
cent  there  is  an  increase  from  this  point  up  to  98  per  cent,  followed  by  a 
foil,  or  the  curve  for  AB/Ap  in  terms  of  p  is  the  curve  for  d  in  terms  of  p 
inverted. 

The  conBtitution  of  sulphuric  acid  about  100  per  cent  HgSO(  has 
recently  been  discussed  by  Domke  and  Bein,*  and  the  conclusion  arrived  at 
is  to  the  effect  that  there  is  no  simple  substance  of  the  composition 
represented  by  the  formula  H3SO4  (however  convenient  such  an  ideal 
substance  may  be  for  the  purposes  of  computation),  but  that  it  is  a  mixture 
of  molecules  HaSO*,  SOg  and  HaO  or  HsSOsSOj,  or  it  may  even  contain 
pyrosulphuric  acid  HJS3O7.  In  our  former  communication  on  the  electric 
conductivity  of  nitric  acidf  from  the  irregularities  observed  we  put  forward 
the  similar  view  that  the  substance  represented  by  the  formula  HNO3  is 
also  an  ideal,  and  that  it  is  a  mixture  of  HXO3,  KgOs,  and  H3O. 

It  is  to  us  a  source  of  gratification  to  find  ourselves  so  completely  in 
accord  with  our  fellow  workers  in  another  country,  even  in  giving  up  familiar 
and  possibly  cherished  notions. 

Suimmarjf, 

1.  The  refractive  indices  of  sulphuric  acid-water  mixtures  of  concentration 
varying  from  rather  under  1  per  cent  to  rather  over  99  per  cent  have  been 
determined  for  the  four  lines  H.,  B,  H  ,  H^,  and  the  reuults  compared  in 
certain  caaee  with  the  previous  observations  of  van  der  Willigen. 

2.  The  temperature  coetBcients,  witliin  practicable  limits,  have  been 
measured,  and  these  values  used  for  reducing  all  the  refractive  indices  to  a 
common  temperature  of  15. 

3.  The  maximum  value  of  the  refractive  indices  and  of  the  first  constant 
of  Cauchy's  formula  occur  at  a  point  which  corresponds  approximately  with 
the  composition  of  the  hydrate  HaSOiHjO,  but  otherwise  any  indication  of 
the  existence  of  other  hydrates  Is  doubtful 

4.  Loreotz's  factor,  (ji'—l)/(jj?+2)d,  is  a  linear  function  of  the  percentage 
up  to  90  per  cent.,  or  in  other  words  the  ethereal  elasticity  is  compensated  by 


*  Loc  eit.  ntpra. 

t  '  Phil.  Traps./  A,  1898,  p.  3$tt, 
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the  density.  There  isj  however,  a  alight  alteration  at  about  30  per  cent, 
concentration.  The  differences  are  given  between  the  calculated  and 
observed  values  for  this  factor  as  bom  an  equation  B'  =  B  —  a  Ap  in  the 
case  of  the  lines  D  and  Hy. 

5.  The  refractive  indices,  the  Cauchy  constants  and  the  Lorentz  factor  all 
show  uT^ularities  for  coucentrations  92  to  100  per  cent.,  which  are 
conustent  among  themselves,  as  also  with  a  maximum  density  at  about 
97  per  cent,  and  a  minimum  point  between  99  and  100  per  cent 

The  question  is,  therefore,  again  raised  as  to  whether  a  substance 
represented  by  a  simple  formula  H^04  does  exist  as  a  distinct  entity,  and  a 
comparison  is  drawn  herewith  between  nitric  and  sulphuric  aoids, 

6.  As  an  incidental  point  the  effect  of  carbon  dioxide  and  of  silica  upon 
the  refractive  index  of  water  is  discussed,  but  the  final  interpretation  of  the 
results  left  as  a  subject  of  further  enquiry. 

In  conclusion  we  desire  to  express  our  obligations  to  the  Eaiserliche 
Normal-Eichungs  Kommission  for  sending  their  publications  and  the  kindly 
interest  which  they  have  taken  in  our  investigations,  to  Profeasors  Elliott 
and  Esson,  to  Dr.  Messel,  Mr.  James  Walker,  and  others  who  have  rendered 
us  assistance  in  matters  of  difficulty. 
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On  the  Spectrum  of  the  Spontaneous  Luminous  Radiation  of 

Radium.    Fart  IIL — Radiation  in  Hydrogen. 

By  Sip  WauAM  HuoGiMS,  K.C.B.,  OM.,  D.C.L.,  Pies.  RS.,  and 

Lady  Huooms,  Hod.  Mem.  RA.S. 

(£«ceived  August  21,  1906.) 

As  soon  as  we  found*  that  the  glow  of  radium  bromide  consisted  mainly  of 
light  from  nitn^n  stimulated  into  luminosity  by  the  radium,  and  giving  the 
negative  pole  spectrum,  we  formed  the  intention  of  photographing  the 
spectrum  of  the  glow  when  the  radium  bromide  was  placed  in  an  atmosphere 
of  hydrogen,  primarily  in  the  hope  of  finding  an  answer  to  the  question 
T^sed  in  our  first  paper,  *'  Have  we  to  do  with  occluded  or  with  atmospheric 
nitn^n  ?"f ,  and,  in  the  second  place,  to  determine  whether  the  radium 
is  able  to  render  hydrogen  luminous. 

In  these  experiments  some  unexpected  results  came  out,  which  made  it 
desirable  to  repeat  them  many  times.  This  ciroumstance,  together  with  the 
long  exposures  necessary — from  10  to  14  days — and  the  slow  changes  which 
we  found  to  take  place  in  the  radium  when  allowed  to  remain  in  the 
hydrogen  tor  long  periods,  reckoned  in  months,  have  necessarily  delayed  the 
publication  of  this  paper.  The  inveetigation  is  still  in  progress,  but  it 
seems  deeirable  not  to  delay  any  longer  the  publication  of  the  results  which 
have  been  already  obtained. 

An  account  of  each  experiment  would  make  the  paper  long  and  unneces- 
sarily tedious.  It  will  be  snfficient  to  give  the  results  of  each  group  of 
experiments  made  under  similar  conditions.  The  same  form  of  apparatus 
was  used  for  all  the  experiments.  Small  glass  vessels  were  prepared 
consisting  of  a  round  cell  with  flat  base,  to  hold  the  radium,  into  which,  on 
opposite  sides,  tubes  of  small  bore  were  blown,  the  walls  of  the  cell  were 
ground  flat  on  the  top  to  receive  a  thin  microscopic  cover-glass,  or  a  thin 
plate  of  quartz,  which  was  cemented  down  after  the  radium  salt  hod  beea 
placed  on  an  ebonite  support  within  the  cell 

As  the  glow  of  radium  takes  place  at  atmospheric  pressure,  it  was  desirable 
that  experiments  with  hydrogen  should  be  made  under  like  conditions.  A 
current  of  hydrogen  was  allowed  to  flow  through  the  glass  vessel  for  some 
minutes  until  all  traces  of  air  must  have  been  carried  out ;    the  two  tubes 


*  '  Boy.  Soc  Proc,'  vol  7S,  pp.  IM  and  409. 
t  Ibid.,  p.  199. 
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were  then  sealed  up,  leaving  the  radium  in  hydrogen  at  atmospheric 
presHore. 

Afterwards,  a  second  series  of  experiments  waa  made  with  hydrogen  at 
reduced  pressure.  The  glass  vessel  was  connected  with  a  vacnnm  pnmp  and 
exhausted  to  below  1  mm.  of  mercury ;  hydrogen  was  then  allowed  to  enter. 
The  vessel  was  again  exhausted  and  refilled  with  hydrogen  several  times, 
and  was  then  sealed  up  with  the  contained  hydrogen  at  the  pressure  of  about 
1  mm.  of  mercury. 

Portions  of  the  same  two  Hpecimens  of  radium  bromide  which  had  been 
used  in  our  former  experiments  were  employed,  namely,  one  from  Buchler 
&  Co.,  Brunswick,  and  the  other  from  the  Soci^t^  Centrale  de  Produits 
Cbimiques,  Farts. 

The  results  of  repeated  experiments  made  in  hydrogen  at  atmospheric, 
and  also  at  reduced,  pressure,  and  with  both  samples  of  radium  bromide,  were 
uniformly  similar.  The  glow  became  sensibly  fainter  to  the  eye  when  the 
radium  had  remained  iat  a  few  days  in  hydrogen ;  perhaps  the  diminution  of 
the  brightness  took  place  sooner  in  hydrc^n  at  reduced  pressure.  Photo- 
graphic plates,  exposed  in  the  spectroscope  to  radium  in  hydn^en  for  the 
same  time  as  to  the  same  radium  in  air,  showed  a  feebler  spectrum,  which  was 
that  of  nitrogen  without  any  traces  of  the  lines  of  hydrogen. 

From  these  experiments  we  may  assnme  either  the  existence  of  occluded 
or  combined  nitrogen,  or  that  the  spectrum  was  due  to  minute  traces  of  air 
which  had  remained  within  the  vessel.  If,  however,  the  increasing  feeble- 
ness of  the  glow  was  due  to  the  latter  cause,  we  should  expect  that  on 
tinsealing  the  tubes  and  admitting  air,  the  glow  would  at  once  recover  its 
original  brightness.  On  April  15,  1904,  when  the  radium  had  remained 
26  days  immersed  in  hydrogen,  the  tubes  were  opened  and  air  blown  through, 
but  no  reoovuy  of  brightness  as  estimated  by  tiie  eye  took  place  at  the  time. 
Then  a  photographic  plate  was  exposed  in  the  epectroeoope  for  seven  days,  on 
which,  when  developed,  the  nitrogen  spectrum  was  even  feebler  than  on  a 
similar  plate  which  had  been  exposed  for  the  same  time  before  the  air  was 
admitted.  A  few  days  later,  however,  a  small  increase  of  brightness  was 
detected  by  the  eye,  which  continued  until  the  radium  slowly  recovered  its 
original  brightness. 

When  radium  was  allowed  to  remain  for  months  in  an  atmosphere  of 
hydrogen  some  unlooked-for  results  were  observed. 

Experinieni  1. — A  portion  of  the  Brunswick  radium  bromide  wa«  sealed  up 
in  hydrogen  at  reduced  pressure  on  June  24,  1904. 

(a)  As  in  former  experiments,  the  brightness  of  the  radium  bromide,  as 
estimated  by  eye,  gradually  diminished. 


d  by  Google 


490        Sir  William  and  Lady  Hugglns.    J^ectrum  of    [Aug.  24, 

(h)  Photographs  taken  with  the  spectroscope  shoved  the  mtrogen  spectrum 
ouly,  and  with  increasing  feebleness  as  time  went  on,  until  the  strongest  of 
the  nitrogen  hai^da  only  were  just  suspected  upon  the  plate. 

(c)  Some  days  after  seating  up  in  hydrogen,  the  radium  bromide,  which  was 
originally  of  a  yellowish-cresm  colour,  b^an  slowly  to  become  darker,  until 
by  August  9, 1904,  it  had  reached  a  dark  russet  btowa 

(if)  On  March  17, 1906,  the  radium,  which  had  now  been  sealed  up  for  nearly 
eight  months,  was  observed  by  eye  to  have  become  much  brighter,  indeed 
nearly  as  bright  as  the  French  radium  which  had  remained  in  air.  Unfortu- 
nately the  radium  in  the  hydrogen  had  slipped  out  of  the  ebonite  support  to 
the  bottom  of  the  cell,  and,  therefore,  could  not  be  brought  before  the  slit 
of  the  spectroscope.  It  was  then  decided  to  open  the  vessel  and  remove 
the  radium  in  order  to  photograph  ita  spectrum  while  in  this  brighter 
condition.  Before  placing  it  in  the  spectroscope  it  was  thought  desirable 
to  compare  it  again  at  night,  about  eight  hours  after  it  was  taken  out  of 
hydrogen,  with  radium  which  had  remained  in  air.  To  our  great  surprise 
the  radium  removed  from  the  hydrt^n  had  completely  lost  its  light,  it  was 
now  quite  dark,  without  any  sensible  glow.  It  retained  its  very  dark  russet 
brown  colour. 

(e)  Before  the  vessel  was  opened,  while  the  radium  was  bright  in  hydrogen 
its  radio-active  power  was  measured  with  an  electroscope ;  after  it  had  been 
removed  from  the  hydrogen  and  had  become  dark  and  glowless,  its  radio- 
activity was  again  measured.  The  amount  of  the  induced  leak  of  the 
charged  leaves  was  found  to  be  the  same  as  before,  showing  that  the 
sudden  change  from  a  bright  condition  to  one  without  any  sensible  glow  had 
not  been  accompanied  by  an  alteration  in  the  intensity  of  the  0-  and  y-rays. 

(/)  The  glowleas  radium  was  examined  in  the  dark  at  intervals  of  a  few 
days.  By  May  9,  1905,  a  very  faint  glowing  was  perceived,  and  at  the 
same  time  tiie  dark  brown  colour  was  observed  to  have  become  less  intense. 
These  changes  proceeded  slowly  until,  by  August  13,  the  radium  had 
regained  ite  original  creamy  colour  and  nearly  its  ordinal  brightness. 
During  these  three  months  its  radiation,  as  measured  by  the  electroscope, 
remained  the  same. 

Experimmt  2. — Fortunately  we  have  for  the  purpose  of  comparison  a 
portion  of  the  French  radium  which  has  been  sealed  up  in  hydrogen  at 
reduced  pressure  since  September  12,  1904,  about  11  months.  Many  photo- 
graphs of  the  spectrum  of  this  sealed-up  radium  have  been  taken  at  intervals 
from  last  September  to  the  present  time,  showing,  with  similar  exposures, 
increasing  feebleness,  but  always,  when  any  action  coidd  be  detected  upon 
the  plate,  some  of  the  stronger  bands  of  the  nitrogen  spectrum.    Recently, 
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however,  a  band  has  appeared  in  the  green  part  of  the  spectram,  for  which 
the  plate  is  but  feebly  sensitiTe,  without  any  action  being  discernible  on 
Che  plate  in  the  blue  and  violet  regions,  for  which  the  photographic  film 
is  greatly  more  seneitive.  Fortunately  on  one  plate  the  chief  bands  of  the 
nitn^n  apectrum,  though  excessively  taint,  can  be  just  detected,  while  at 
the  same  time  the  new  band.  Calling  in  a  much  less  sensitive  region 
phott^rnphically,  is  relatively  strong. 

The  defined  line  which  begins  the  band  on  the  leas  refrangible,  side  is  a 
little  more  refrangible  than  the  brighter  edge  of  the  green  band  of  the  Swan 
spectrum  at  X  5165.    The  band  has  not  yet  been  identified. 

The  band  ia  accompanied  by  a  faint  continuous  spectrum  which  runs 
back  to  D. 

The  radium  bromide  baa  turned  to  a  dark  russet  brown  colour,  as  in  the 
former  experiment.  To  the  eye  the  brightness  of  the  radium  has  remained 
greatly  diminished,  antil  within  the  last  few  days,  when  we  suspect  that,  as 
in  the  preceding  experiment,  a  slow  increase  of  brightness  has  set  In. 

On  re-examining  all  the  photc^raphs.  of  the  spectrum  of  the  glow  of 
radium  which  we  have  taken,  a  plate  was  found,  developed  on  August  23, 
1904,  of  the  spectrum  of  a  portion  of  the  French  radium  which  bad  been 
sealed  up  in  hydrogen  for  a  few  days  only,  but  when  its  light  had  faded  to 
about  one-half,  which  shows  very  faintly,  but  unmistakably,  the  new 
band. 

The  suj^^tiou  presents  itself  to  the  mind  whether  in  both  experiments 
when  the  radium  bad  almost  ceased  to  glow  with  nitn^en  light,  it  was  able 
to  stimulate  the  molecules  of  the  substance  producing  the  band  into 
luminescence.  On  this  supposition  an  explanation  of  the  sudden  going  out  of 
the  bright  glow  when  the  radium  was  taken  out  of  the  atmosphere  of 
hydrogen  in  the  first  experiment  would  be  found  in  the  absence  in  the 
atmosphere  of  tbe  needful  molecules,  the  radium  having  lost  temporarily  the 
power  of  exciting  nitrc^^en,  unless  we  take  the  view  that,  to  be  stimulated 
into  luminescence,  nitr(^;en  must  be  not  merely  in  outward  contact  with 
the  radium,  but  in  a  more  intimate  connection  with  it,  which  time  is  required 
to  bring  about. 

The  suggestion  was  considered  in  a  former  paper  whether  the  operative 
cause  of  the  glow  was  to  be  found  in  the  j9<rajm,  which  are  known  to  be 
analogous  to  tbe  cathode  corpuBcles,  upon  the  nitrogen  of  the  air.  In  these 
recent  experiments  the  electroscope  showed  that  these  rays,  and  the  7-ray8, 
were  being  radiated  with  undiminished  force  at  the  time  that  the  radium 
bromide  remained  glowless  in  air.  It  may  be  mentioned  here  that  the 
cathode  dischai^  is  efficient  in  bringing  out  easily  the  firet  spectrum  of 
VOL.  LXXVL — A.  2  M 
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h7dn^eD,*  but  the  radiations  of  radium  appear  to  be  unable  ta  do  this.  Our 
ezperiments  seem  rathei  to  support  the  view,  suggested  in  oar  fitst  paper, 
that  the  spontaneous  light  of  radium  may  not  be  produced  by  any  form  of  its 
radiations  acting  upon  the  nitrogen  of  the  air  outside  it,  but  by  a  more  direct 
action  through  encounters  with  nitrogen  molecules,  in  some  way  associated 
with  the  radium,  of  those  molecules  of  the  radium  which  are  undergoing  active 
cbaogeB. 


7%e  Pressure  of  Bkeplosions. — E<ieperime7its  on  Solid  and  Gaseous 

Explosives. 

By  J.  E.  Petatil. 

(Communicated  by  Arthur  Schuster,  F^S.     Becared  August  16,  1900.) 

(Abstract.) 

Although  thia  subject  has  been  dealt  with  by  numerous  invest^ators, 
certain  branches  of  it  still  remain  practically  untouched.  With  regard  to 
the  solid  explosives  used  in  ballistic  work,  the  majcimum  pressure  developed 
is  usually  well  known,  but  the  conditions  which  govern  the  combustion  of 
the  charge  and  the  rate  of  cooling  of  the  gaseous  products  require  further 
investigation. 

Explosive  gaaeous  mixtures  have  only  been  studied  at  initial  pressures 
but  little  above  that  of  the  atmosphere.  Even  in  the  case  of  coal-gas  and  air, 
which  forms  an  exception  to  this  nile,  the  work  has  not  been  extended  to 
high  pressures.  The  present  research  was  undertaken  with  a  view  to  filling 
in  these  gaps. 

The  first  part  of  the  paper  describes  the  apparatus  which  was  used  for  the 
investigation  of  both  solid  and  gaseous  explosives ;  the  second  part  deals 
specially  with  the  properties  of  cordite.  The  pressuies  are  photographically 
recorded  on  a  revolving  cylinder  by  means  of  a  specially  constructed 
manometer.  This  manometer  was  designed  with  the  object  of  securing  the 
lowest  possible  time  period. 

The  rise  of  pressure  dnring  the  explosion  of  even  the  fastest  cordite  was, 
by  means  of  this  instrument,  accurately  inscribed  without  any  oscillations 
being  set  up  in  the  mechanism  of  the  recorder.  The  pressures  measured 
range  from  100  to  1800  atmospheres  (0'7  to  12  tons  per  square  inch). 

Many  of  the  results  obtained  during  the  study  of  cordite  are  most  easily 
*  LiveiDg,  'Froc.  Ounb.  Phil.  Soc.,'  vol.  IS,  p.  337. 
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expressed  graphically,  and  a  study  of  the  curres  given  in  the  paper  will  be 
found  preferable  to  the  most  careful  abstract  In  dealii^  with  snch  a 
subject,  general  statements  bereft  of  the  neoessaiy  explanations  and 
(lualificatioDB  are  apt  to  be  somewhat  misleading. 

The  present  investigation  confirms  the  view  that  the  combustioD  of  cordite 
proceeds  according  to  parallel  surfaces.  The  rate  at  which  the  flame  travels 
towards  the  centre  of  each  particle  of  explosive  is  proportion^  to  the 
preaaore  under  which  combustiOD  is  taking  place. 

This  velocity  is  measured  and  it  ia  shown  how  both  the  time  required  to 
reach  the  maximum  pressure,  and  also  the  shape  of  the  curve  ropresenting 
the  rise  of  pressure,  may  be  calculated  from  the  data  given. 

The  effect  produced  by  decreasing  the  diameter  of  the  explosive  is 
discussed.  Though  the  time  required  for  complete  combustion  decreases 
with  the  diameter,  the  shape  of  the  curve  represeotiDg  the  rise  of  pressure 
remains  practically  unaltered,  the  scale  of  time  alone  being  changed.  Thus, 
even  were  the  cordite  in  the  finest  state  of  division,  though  the  combustion 
would  be  nearly  instantaneous  the  effect  produced  would  always  be  distinct 
from  that  of  a  detonation. 

The  maximum  pressures  obtained  are  compared  with  the  measurements 
made  by  Noble  with  which  they  are  in  close  agreement.  It  is  shown  that 
the  pressure  developed  by  the  explosion  for  various  gravimetric  denaUes 
may  be  deduced,  with  a  fair  d^ree  of  approximation,  by  formulee  derived 
from  the  kinetic  theory  of  gases.  The  pressures  calculated  according  to 
Van  dor  Waals'  law  are  compared  with  the  experimental  results. 

The  modifications  introduced  by  the  use  of  enclosures  of  different  shapes 
are  studied.  When  the  surface  of  the  enclosure  is  considerable  as  compared 
with  its  volume,  the  diameter  of  the  cordite  has  a  marked  influence  on  the 
maximum  pressure  developed.  For  large  diameters  the  pressure  is  con- 
siderably  below  the  normal  value. 

With  r^ard  to  the  rate  of  cooling  the  results  are  compared  with  those 
obtained  by  the  author  in  previous  experiments  on  gases  under  high 
pressures.*  The  investigation  leads  to  the  conclusion  that  the  rate  of 
cooling  depends  essentially  on  the  thermal  conductivity  of  the  enolosuro  and 
not  on  that  of  the  gas. 

With  the  massive  enclosures  which  are  necessary  for  such  experiments,  it 
is  found  that  the  rate  of  cooling  varies,  not  in  proportion  to  the  surface  but 
more  nearly  as  the  square  of  this  value.  Incidentally  attention  is  drawn  to 
the  very  high  temperatures  which  are  reached  by  the  inner  surface  of  the 
steel  walls.  This  throws  some  light  on  the  important  question  of  erosion. 
•  '  Phil.  Tnuw.,'  A,  vol  197,  pp.  239  to  204, 1901. 
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When  the  explosion  takes  place  in  a  long  Tessel,  wave  action  ia  foeqaentlj 
set  up.  A  noD-oniform  diatribation  of  the  explosive  enhances  this 
phenomenon.  The  velocity  of  the  pressure-w&Te  is  measured  and  compared 
with  the  velocity  of  sound  under  similar  conditions.  Generally  speaking  the 
work  confirms  the  remarkable  properties  of  cordite  with  regard  to  its  high 
power  and  to  the  regularity  of  the  effects  produced. 

The  paper  is  accompanied  by  some  20  figures  illustrating  the  results 
obtained,  and  is  followed  by  tables  giving  the  principal  numerical  values. 


The  Flow  of  the  River  77Ktmes  in  Relation  to  British  Fressttre 

and  Rainfall  Charges. 

By  Sir  Noemak  -Lockihi,  K.C.B.,  LLD.,  Sc.D.,  F.R.S.,,  and  Wzlliam  J.  S. 

LocKTBR,  M.A.  (Camb.),  Ph.D.  (Gott),  F.RA.S. 

(Beceived  April  6,— Bead  May  18,  1905.) 
[Platbs  6  AND  7.] 

In  a  previous  communication*  to  the  Society  we  gave  the  results  of  a  pre- 
liminary survey  of  the  behaviour  of  the  short-period  barometric  variation 
over  many  areas  on  the  earth's  surface.  The  very  close  association  of  rainfall 
with  pressure  has  led  to  an  enquiry  into  the  variation  of  the  former  in 
relation  to  this  latter  change ;  this  investigation  is  atill  in  progress. 

The  recent  publication,  July  18,  1904,  of  a  memorandum  to  the  Thames 
Conservators  on  the  "  BainfaU  and  Floods  in  the  Basin  of  the  Biver  Thames 
above  Teddington  Weir  "  since  the  year  1883,  and  a  previous  report  on  "  The 
Sbrinki^  of  the  Thames  and  Lea,"  published  by  the  Loodon  County  Council 
in  1903,  present  data  the  discussion  of  which,  although  belonging  to  the 
general  investigation  to  which  reference  has  just,  been  made,  forms  rather  a 
subject  for  special  enquiry  and  makes  a  reference  to  it  desirable  at  the  present 
time. 

The  present  communication  is,  then,  strictly  limited  to  these  and  other  data 
which  have  been  collected  in  Britain.  The  relation  to  the  questions  of  rain- 
fall and  pressure  changes  over  large  areas  ia,  however,  discussed.  Beference 
to  the  Lea  has  here  been  omitted,  since  this  river  has  been  stated  in  the 
above-mentioned  report  of  the  L.O.C.  to  exhibit  variations  similar  to  those  of 
the  Thames. 

*  '  Boy.  Soo,  Proc,'  vol  73,  p.  467. 
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AmoDg  the  flood  etatistica  given  in  the  memorandnm  are  tables  showii^ 
the  total  quantity  of  water  flowing  over  Teddington  Weir,  with  the  addition 
of  the  water  abstracted  b;  the  Water  Companiee.  These  tables  are  three  ia 
number,  and  give  Uie  flow  for  the  whole  year  and  for  the  aummer  (April  and 
September)  and  winter  (October  to  March)  months  from  1883  to  1903. 
Similar  tables  are  also  inserted  showing  the  averse  rainfall,  for  the  same 
period,  at  12  stations  in  the  basin  of  the  Biver  Thames  above  Teddington. 

In  the  present  discussion  the  year  has  been  divided  according  to  the  mean 
annual  variation  curves  of  the  phenomena  dealt  with.  In  the  case  of  rain&ll 
for  the  British  Isles,  the  12  months  from  April  1  to  March  31  of  the  following 
year  have  been  employed  (see  fig.  1).  April  being  the  month  when  the 
rainfall  is  at  about  a  minimum,  this  month,  tt^ther  with  the  11  months 
following,  thus  include  a  complete  rainfaU  <7cle. 

In  the  curves  for  rainfall — and  the  same  holds  good  for  those  of  preesanf 
— the  mean  yearly  values  are  plotted  in  September  of  each  year ;  thus  th^ 
point  inserted  for  the  year  1884  represents  the  mean  value  for  the  perioa 
April  1, 1884,  to  March  31, 1885.  ! 

For  the  river  data  a  different  grouping  of  the  months  is  employed.  Thif 
was  necessary  since  the  flow  followed  the  rain  instead  of  being  synchronous 
with  it.  This  apparent  "lag  "  of  the  river's  response  to  the  rainfall  is  showif 
also  in  the  accompanying  figure  (fig.  1),  and  it  will  be  seen  that  the  minimun 
or  maximum  flow  values  are/ve  mimihs  aJUr  those  of  rainfall. 


MONTHS       |t1.A.niJ,J,A,3,O,N.Dl.J.F,n,ft.M,J,J.A,S,0. 


RAINFALL  "l 


FiQ.  1. — Corves  to  illuatrate  the  relation  between  the  mean  uuinal  Variation  of  BainfaD 
for  the  BriUsh  lales  and  the  mean  aiuiDal  Variation  of  the  Flow  of  the  River  Thames. 

For  the  river  data,  then,  the  year  has  been  taken  to  commence  in  the 
beginning  of  September  and  end  on  the  last  day  of  August  of  the  following 
year.    The  centre  of  the  period  being  Uie  month  Qf  .February,  each  yearly 
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value  might  have  been  plotted  in  this  month,  but  it  has  bees  placed  under 
that  of  the  rainfall  corresponding  to  Uiis  flow — i.e.,  under  September  of  the 
preceding  year.  Thus  the  rainfall  from  April,  1903,  to  March,  1904,  which 
is  the  last  point  plotted  on  the  curves  in  Flate  6,  is  placed  vertically  over  the 
point  representing  the  river  flow  as  measured  between  September,  1903,  and 
August,  1904    {See  Plate  6,  Curves  III  and  IV.) 

The  accompanying  table  (Table  I)  gives  the  data  published  by  the  Thames 
Conservancy  computed  on  the  above  scheme,  and  these  values  put  in  the 
form  of  curves  in  Plate  6  (Curves  III  and  IV)  and  indicated  by  oontinuons 
lines. 


Table  L — Natural  Flow  at  Teddington  Weir  compared  with  the  Average 
Bainfall  of  Twelve  Stations  in  the  Thames  Valley. 


Tmt. 

Natnnlflow 
in  tuUliotu  of 

topt-A,* 

AotaBliminfkU 
iDinohM. 
Apr.— Mu. 

Year. 

Natunlflow 
mmilUouof 

gKlloni. 
8ept.-ADg. 

A(«tulnm&U 
A^.-M«r. 

1882-4  ... 
1888-t  .. 
1884-B  ... 
18SS-6  .. 
1886-7  .. 
1887-8  .. 
18SS-S  .. 
188fr-90.. 
1890-1  .. 
1891-2  .. 
189a-»  .. 

(817,4Ba)» 
469,036 
828399 

621,042 
871,885 
S4S,678 
841,627 
236,771 
S9G,906 
460,347 

26-6 
23  7 
38-1 
29-9 
23-2 
38-1 
26-4 
31-7 
82  1 
36-8 

1898-4 

189^.6 

1896-8 

1B96-7 

1897-8 

1898-9 

189D-1900 

1900-1 

1901-3 

1902-8 

1903-4 

828,988 
666,770 
329,922 
646,648 
277,189 
392,499 
4G0AG9 
334,686 
382,249 
620,766 
861,606 

23-7 
81-0 
26-0 
80-4 
33-0 
26-7 
27-6 
34-8 
28-0 
27-0 
41-7 

3\)tal,       1888-190* 

9,426,367 

666-8 

Avenge,  1883-1904 

448,827 

87-0 

In  order  to  deal  with  as  long  a  period  as  possible,  an  attempt  has  been 
made  to  determine  the  flow  for  years  previous  to  1883.  By  the  kindness 
of  the  Conservators  of  the  Biver  Thames,  to  whom  application  was  made  for 
any  available  data,  permission  was  given  to  abstract  valuable  information 
existing  in  their  archives.  This  afforded  a  means  of  obtaining  a  good  general 
idea  of  the  behaviour  of  the  river  from  March  1, 1859. 

This  record  is  given  in  the  form  of  daily  readings  in  feet  and  inches  of  the 
level  of  the  river  at  the  Lower  Sill  at  Teddington.    Monthly  means  of  these 

*  Thia  vaJae  is  obtained  hy  adding  the  6ow  computed  from  the  lieiglit  of  the  river 
obeerved  during  September  to  December,  1882,  to  the  actual  flow  meaaured  daring 
Jtimarj  to  August,  1883.    (See  also  Table  II.) 
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values  were  then  fonned,  and  finally,  annual  means  for  the  12  montha 
be^ning  in  September  and  ending  the  following  August ;  these  annual  means 
from  1860-1883  were  then  put  in  the  form  of  a  curve.  This  curve  indicated 
a  prominent  short-period  variation  of  about  three  years,  and  there  was  a 
general  tendency  of  the  curve  as  a  whole  to  give  readings  of  less  height  on 
the  averse  year  by  year.  Such  a  gradual  change,  since  the  zero  of  the  sill 
remained  constant,  could  only  be  due  either  to  a  long-period  variation  in  the 
supply  of  water  to  the  river  at  the  sill  or  to  the  result  of  the  lowering  of  the 
river  bed  by  dredging  or  natural  causes.  The  only  information  with'regatd 
to  the  latter  that  could  be  obtained  was  that,  previous  to  1879,  dredging  had 
been  in  progress,  but  to  what  extent  was  unknown. 

It  was,  therefore,  thought  advisable  to  look  upon  this  gradual  apparent 
lowering  of  the  water  surface  as  due  to  dredging,  and  therefore  eliminate  it 
The  amount  was,  however,  small,  namely  8  inches  in  23  years,  and  consequently 
bad  little  effect  on  the  resulting  values  of  the  sill  readings.  This  was 
accomplished  in  the  final  step  of  converting  the  sill  readings  into  flow.  The 
method  of  reduction  waa  to  use  the  relationship  between  the  depth  of  the 
lower  sill  (DIjS)  and  the  flow  in  millions  of  gallons  per  day  which  the 
Conservators  had  found  to  exist  and  had  utilised  since  1883. 

The  formula 

(DLS— 6  feet  3  iDehea)>  4035 

represents  the  flow  in  millions  of  gallons  per  day,  where  QLS  is  the  reading 
of  the  depth  of  the  lower  sUl  and  the  two  other  numbers  constants  for  the 
year  1883. 

In  the  reduction  of  the  mean  yearly  values  of  the  sill  readings  allowance 
was  made  for  this  apparent  lowering  of  the  water  level  between  1860  and 
1883,  and  the  resulting  values  of  flow  for  each  year  are  given  in  the  third 
column  of  Table  II ;  the  second  column  shows  the  corresponding  sill  readings. 
The  above  values  have  been  put  in  the  form  of  a  curve  (Plate  6,  Curve  lU, 
broken  line  portion). 

In  the  above  figures  and  curves  no  allowance  has  been  made  for  the  water 
abstracted  by  the  Water  Companies.  This,  however,  does  not  materially  affect 
tii6  values  as  the  quantity  is  relatively  small.  Farther  it  would  only  make 
tiie  curve  for  this  period,  1860-1883,  higher  than  it  is  at  present. 

Since  1883  the  water  abstracted  by  the  companies  has  risen  from  30  to  50 
thousand  millions  of  gallons  per  year,  and  as  the  mean  value  of  flow  in  the 
aame  period  is  412  thousand  million  gallons,  this  means  that  the  withdrawal 
has  risen  from  7  to  12  per  cent 

It  is  fair  to  assume,  therefore,  that  leas  than  30  thousands  of  millions  of 
gallons  were  extracted  annually  before  1883.    If  we  take  20  thousands  of 
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Table  IL — Height  and  Computed  Flow  of  the  Thamee  at  Teddington 
compared  with  the  Average  Bainfall  of  "England  South." 


Y-r. 

Height 
infertmnd 

iaabtm. 
Bept-Aug. 

Bow  in 
LOOD  million 

gallon!. 
Sept-Aug 

BkinhUin 

inofaw. 
ipr.-Mw. 

Ymt. 

H«dght 

infMtud 

inehei. 
8^-Aug. 

Computed 

flow  in 

1000  millioQ 

gkUoni. 
Bept-Ang. 

BtiohUtn 

inohe*. 
Apr.— Mw. 

ft.   in. 

ft.   in. 

186fl-« 

18    1 

768 

1871-2 

12    8 

668 

82-7 

1860-1 

826 

IS    1 

836 

40-0 

1B61-S 

12    9 

698 

1878-4 

11     E 

Ell 

22-6 

1863-8 

IB    0 

662 

1874-6 

12    2 

668 

28-9 

1B6S-4 

12    8 

607 

1B7S-6 

12  10 

802 

84-1 

lB64-e 

1878-7 

12    9 

790 

86-9 

1866-6 

12  11 

762 

1877-8 

U    8 

680 

29 '6 

1866-7 

18     !• 

797" 

81-6 

1878-8 

12  11 

B86 

82-4 

ie»r-8 

11  11 

27-7 

1879-SC 

11    6 

662 

28-7 

1868-8 

12    9 

786 

81-7 

J880-1 

12    4 

7S0 

84-6 

18e9-7( 

11  11 

689 

27-1 

1881-2 

11    4 

6«S 

26-6 

1870-1 

11    S 

496 

22-8 

1882-8 

(la    9) 

{817t) 

86-2 

Total,   .   1867-1882 

182    8    . 

0902 

466-0 

Ajntffi.  1867-1888 

12    S 

660 

SO -8 

millions  of  gallons  as  a  poesiblfl  mean  annual  value  abstntcted  during  the 
period  1867-1883,  then,  aioce  the  mean  computed  flow  tor  this  period 
amounts  to  660  thousands  of  millions  of  gallons,  only  about  3  per  cent  of  the 
flow  was  utilised.  Such  a  quantity  becomes  practically  n^ligible  and  can, 
therefore,  be  left  out  of  consideration. 

Having  thus  secured  a  more  or  less  homogeneous  Bariea  of  observations 
from  the  Teddington  gauge,  an  attempt  was  made  to  check  the  curve  thus 
obtained  by  the  readings  of  another  gai^  in  a  different  part  of  the  river.< 
^ith  this  intention  inquiriee  made  at  the  Thames  Conservancy  Offioes,  led  us' 
to  communicate  with  Mr.  Brough  Taylor,  who  informed  us  that  his  late 
father,  aa  Chief  Engineer  of  the  Lambeth  Water  Works,  made  a  series  of 
gaugings,  commencing  in  1860,  of  the  Thames  at  Bitton,  A  request  to  tbe 
present  engineer  of  the  Metropolitan  Water  Board,  Mr.  Thomas  F.  Parkes, 
for  information  on  this  subject,  resulted  in  the  loan  of  books  containing 
lecords  of  the  daily  heights  of  the  river  at  Surbiton  from  June,  1863,  to 
December,  1904. 

*  There  being  no  record  of  tlie  height  daring  Jane,  July,  August,  and  September,  tn 
1866,  the  means  of  the  heighte  recorded  during  these  four  months  in  the  four  preceding 
and  tbe  four  following  yean  hATe  been  used. 

t  Sea  note  to  Table  L 
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We  take  this  opportunity  of   returning  our  thanks  to  those  mentioned 
shove  for  their  willing  aaaistanca 

,  The  treatment  of  these  dat«  was  the  same  as  that  adopted  for  the 
Teddington  gauge  readings.  The  monthly  means  were  first  formed  from  the 
daily  readings,  and  then  the  mean  values  of  the  months  from  September  to 
August  of  the  following  year  determined.  In  this  way  a  series  of  mean' 
annual  values  of  the  level  of  the  river  at  Surbiton  was  obtained,  but  it  was 
found  impossible  to  convert  this  into  flow,  as  the  necessary  data  were  not 
available ;  further,  for  the  same  reason,  no  allowance  has  been  made  for  the 
water  abstracted  by  the  water  companies.  The  following  table  contains  the 
values  thus  employed : — 


Height  of  the  Thames  in  Belation  to 

"  Mean  Summer  Level " 

at  Surbiton. 

Tew. 

HMghtiD 

Tew. 

Heigbtin 

Yew. 

Height  in 

B^-Aug. 

B^-A^ 

Bept.-Ang. 

1863-4  

+0-17  ' 

1877-8  

+  1-11 

1891-2  

+  1-0B 

1864-6  

+0-18 

1878-9  

+  1-81 

1893-8  

+0-67 

1866-6  

+  IM 

1879-80 

+  0-86 

1898-4  

+  0-44 

1866-7  

+  1-29 

iee(M, 

+  1-64 

1894-6  

+  1-0G 

+  0-87 

1881-2  

+  1-06 

1805-6  

1868-8  

+  0-92 

1882-8  

+  1-93 

1896-7  

+  1-02 

186»-70 

+  0-46 

1888-4  

+  0-64 

18»7-fl  

+  0-88 

187(>-1  

-0-22 

1884-6  

+  0-44 

1808-9  

1871-8  

+  0-98 

1886-6  

+  1-03 

1899-1900... 

+  0-88 

1872-8  

+  168 

1886-7  

+  1-18 

190O-1  

+0-60 

1878-4  

+  0-60 

1887-8  , 

+  0-76 

1901-2  

+  0-88 

1874-6  

+  1-14 

1888-9  

+  0-90 

1003-8  

+  0-83 

1876-6  

+  1-67 

1889-flO 

+  0-46 

1908-4  

+  1-49 

Total 

86-90 

Ueu...... 

0-878 

In  Hate  6  (Carve  II)  these  values  are  given,  and  it  will  be  seen  that  the 
variations  from  year  to  year  corroborate  in  a  striking  m^ner  those  indicated 
by  the  curve  of  the  river  flow  at  Teddington. 

These  two  curves  may  then  be  taken  to  represent  the  changes  from  year  to. 
year  (September  to  the  following  August)  that  the  Thames  undergoes  in 
eonsequence  of  the  variation  in  the  supply  of  water  to  the  river.  In  the 
memorandum  to  the  Thames  Conservators,  to  which  reference  has  already^ 
been  made,  the  very  intimate  relation  which  must  necessarily  exist  between 
the  rainfall  of  the  basin  and  the  river's  discbarge,  was  clearly  pointed  out  for 
the  period  1883  to  1903  {see  Plate  6,  Continuous  Curves  III  and  IV). 

The  rainfall  curve  employed  in  the  memorandum  represents  only  a  compara- 
tively small  area  of  the  British  Isles,  and  only  commenced  in  the  year  1883. 
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It  happens,  however,  that  these  rainfall  variations  in  the  Thames  valley  are 
not  restricted  to  this  small  region,  but  are  found  to  be  similar  to  those  which 
«oour  over  a  ver7  large  area  in  the  British  lalee.  To  illustrate  this,  use  may 
be  made  of  the  very  complete  rainfall  data  for  the  British  Isles,  collected  and 
reduoed  at  the  Meteorological  Office  and  published  in  their  annual  summaries. 
The  United  Kingdom  is  divided  into  11  districts  for  meteorological  purposes, 
and  according  to  this  arrangement  the  Thames  basin  would  be  included  in 
those  termed  England  South*  and  Midland  Conoties. 

Curves  for  these  two  r^ona  ore  given  in  Plate  6  (Curves  V  and  YI),  and 
a  reference  to  them  will  show  that  they  represent  changes  which  ore  very 
similar  and  correspond  in  time  with  those  given  fortbe  Thames  basin.  If 
many  other  districts  be  compared  in  the  same  way,  a  similar  type  of 
variation  is  apparent  Thus  Plate  6,  Curve  YII,  illustrates  the  rainfall 
variation  for  the  combined  districts  of  Scotland  East,  Eogland  East  and 
North-East,  the  Midland  Counties,  and  England  South. 

In  fiact,  it  may  be  said  that  the  Thames  basin  rainfall  is  that  of  the  whole 
«f  the  South,  Midland,  East  and  North- East  of  England  and  Scotland  East 
The  other  districts  in  the  British  Isles  (with  the  exception  of  Scotland  North, 
which  is  different  to  all  other  districts  in  the  British  Isles)  are  of  a  type 
simitar  to  each  other,  but  present  variatioos  which,  althot^h  not  widely 
diCferent  from  the  Eastern  and  other  districts,  are  sufficiently  unlilce  them  to 
be  classified  apart 

Since  all  the  above  series  of  rainfall  statiatioa  commence  in  the  year  1866, 
we  have  a  means  of  comparing  the  rainfall  with  the  Thames  flow  for  a  much 
longer  period  than  was  attempted  in  the  Memorandum  previously  mentioned. 
Making  such  a  comparison  by  means  of  the  curves  in  Plate  6  (Curves  II  to 
Til),  not  only  do  the  variations  in  both  curves  indicate  the  close  relationship 
between  the  rainfall  over  this  extensive  r^on  and  the  flow  or  he^ht  of  t^e 
Siver  Thames,  but  the  flow  variation  curve  is  thus  shown  to  be  of 
considerable  accuracy. 

It  may,  however,  be  pointed  out  that  it  does  not  seem  necessary  to 
collect  and  discuss  the  data  over  the  whole  of  this  region  before  any 
deduction  for  practiced  purposes  can  be  made  as  to  the  flow  of  the  Thames. 
The  rainfall  and  barometric  observations  made  at  the  Oxford  Observatory 
{RadcUffe)  exhibit  variations  from  the  year  1860  up  to  the  present  time  so 
very  similar  to  those  of  the  Thames  flow  that  the  curves  are  very  nearly 
interchangeable.    So  striking  is  the  agreement  that  curves  illustrating  these 

*  Enfftofut,  South,  comprises  the  counties  of  Dorset,  Hampshire,  Keut,  Hiddlesex, 
SiuTe;,  and  Sussex.  HicUand  Covntitt  include  Qloucester,  Hereford,  Leiceeter, 
Montgomery,  North&mptoii,  Nottiu^om,  Oxford,  Wsrwu^  aad  York. 
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Tsriations  have  been  added  in  a  separate  diagram  (fig.  2).  In  this  the 
pressure  and  rainfall  values  are  the  means  for  the  12  months  April  to  March, 
and  the  Thames  level  values  the  means  for  the  year  September  to  August. 

The  rainfall  of  the  British  Isles  is  produced  mainly  hj  the  passage  of  areas  of 
low  barometric  pressure  traveUing  over  the  conntrj  in  a  nortb-eauterly  or 
easterly  direction.  It  should  be  expected  therefore  that  on  the  average  the 
greater  the  rainfall  the  more  numerous  the  cyclones,  and  consequently  the  lower 
the  mean  value  of  pressnra  For  the  greater  part  of  the  United  Kingdom, 
therefore,  the  rainfall  variation  from  year  to  year  should  correspond  veiy 
closely  with  the  inverted  pressure  change.  That  this  condition  is  actually 
fulfilled  can  be  judged  by  comparing  in  Plate  6,  Curve  VIII,  representing  the 
barometric  variation  (curve  inverted)  from  year  to  year  at  Oxford  with  the 
rainfall  curves  given  below  it.  Instead  of  Oxford,  any  other  town  in  tiie 
United  Kingdom  such  as  Armagh,  might  have  been  given,  for  the  pressure 
changes  from  year  to  year  are  remarkably  similar  over  a  very  extensive  area. 
So  far  then  it  has  been  shown  that  with  reference  to  this  short-period  variation 
the  pressure,  rainfall,  and  river  flow  are  all  intimately  related,  and  any 
method  of  forecasting  the  pressure  changes  would  make  it  possible  to 
determine  beforehand  the  rainfaU. 

Since  the  Thames  flow  values  have  a  1^  of  about  five  months  on  both 
rainfall  and  pressure,  a  means  is  possibly  available  of  stating  the  expectancy  of  • 
excessive  or  deficient  amount  of  water  in  the  river. 

-In  addition,  however,  to  this  short-period  variation,  there  is  an  apparent 
longer  change  indicated  in  all  tiie  curves.  To  render  the  latter  more  clear 
three-year  means  have  been  formed  for  each  of  the  curves  and  tiie  curves 
re-plotted  in  Plate  1. 

An  examination  of  these  curves  shows  that  in  those  years  when  the  river 
flow  was  greatest,  i.e.,  between  abouc  the  years  1873-1883,  the  rainfall  was 
highest,  and  the  mean  pressure  lowest,  which  is  exactly  what  was  to  be 
expected  from  the  relationship  between  pressure,  rainfall,  and  river-flow  in 
these  Islands.  The  main  points,  however,  which  these  curves  clearly  indicate 
are  that  this  long-period  change  in  each  of  them  is  real,  and  that  the  low  river 
levels,  deficiency  of  rainfall,  and  excess  pressure  of  tiie  last  series  of  years  are. 
now  about  to  be  followed  by  greater  mean  flow  of  the  Kiver.Thames,  increase 
in  the  mean  rainfall  and  deficiency  of  the  mean  pressure, 
.  In  a  previous  communication,  to  which  reference  has  already  been  made. 
We  pointed  out  with  r^ard  to  the  behaviour  of  the  short-period  pressure 
variations  taking  place  over  the  Earth's  surface  that: — • 

"  In  some  regions  the  pressure  variation  curves  were  distinctly  a  mixture 
*  '  Eoy.  8oc.  Pwc.,'  toL  73,  p.  468. 

'    DigtizecbyGoOQic 


1905.]      The  Thames  in  Relation  to  Pressure  and  Rainfall.      503 

of  both  Indian  and  Cordoba  tTpea,  and  it  woe  difficult  to  classify  them 
satisfactorily " 

One  of  these  r^ons  of  mixed-type  pressurea  included  Western  Europe, 
comprising  ihe  British  Isles,  Holland,  Belgium,  France,  Spain,  Germany,  Italy, 
etc  To  illustrate  the  nature  of  this  British  Tariation  in  relation  to  the  two 
main  types  represented  by  India  and  Cordoba  (which  are  the  inverse  of  each 
other)  fig.  3  is  added.  Theee  curves  show  the  changes  of  the  mean  annual  values 
of  pressure  f^m  year  to  year,  the  year  being  reckoned  here  from  January  to 
December.  The  uppermost  curve  represents  an  hypothetical  curve  with  a 
period  of  3'8  years,  and  beneath  it  is  given  the  Cordoba  pressure  curve.  The 
hypothetical  curve  was  m^e  to  fit  that  of  Cordoba  as  near  as  possible,  and 
it  will  be  seen  that  there  is  very  close  agreement  on  the  average,  with  the 
exception  of  the  years  1892  and  1900  to  1903.  At  the  bottom  of  the  plate  ia 
given  the  inverse  of  the  hypotiietioal  curve  shown  above  and  the  Indian 
pressure  variation  curve.* 

These  two  latter  curres,  also  from  the  year  1873,  are  in  the  main  very 
similar,  with  the  exception  of  the  years  1892  and  1901-1903.  Previous  to 
1873  the  observed  maxima  and  minima  anticipate  those  of  the  hypothetical 
curve. 

Between  the  Cordoba  and  Bombay  curves  is  placed  that  of  Oxford,  repre- 
senting  the  barometric  ohanges  occurring  over  the  British  Isles. 

A  comparison  of  these  three  curves  indicates  the  intermediate  nature  of  the 
Oxford  variation  in  relation  to  those  of  Cordoba  and  India.  The  following 
table  gives  a  statement  of  the  years  in  which  either  excessive  high  or  low 
pressures  at  Oxford  were  coincident  with  corresponding  excesses  in  India  or 
Cordoba : — 


AgrMtnent  of  Oitotd 
irith- 

High  prtuars. 

i«,p»™. 

1874 
1876 

1880 

18B4 

1898 

1896 
1890 

1877 
1S78 

1882 

1886 

1896 

*  It  will  be  noticed  th&t  the  pointa  of 
the  plate  do  not  lie  midway  between  the 


(tf  the  lijpothetical  curre  at  the  top  of 
on  either  aide  of  them,  but  nearer  the 
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From  Qua  it  will  be  seen  that  there  aeema  to  be  a  very  even  balaDcing 
between  Cordoba  and  India,  the  former  claiming  coincidences  with  Oxford  of 
three  excess  highs  and  two  lows,  while  the  latter  has  four  excess  highs  and 
three  lows. 

An  interesting  point  which  the  above  table  clearly  clearly  brings  out  is 
that  the  Oxford  curve  seems  to  favour  for  series  of  years  the  two  main 
presaore  types  aUeraaidy.  Thus,  from  ]  874  to  IS??  the  curve  more  resembles. 
Cordoba,  from  1878  t«  1887,  India;  from  1888  to  1895,  Cordoba  again,  and 
fttim  1896  to  1899,  India. 

From  1900,  as  far  as  observations  are  available,  the  type  of  variation  is- 
indefinite. 

It  is  possible  that  it  is  this  alternate  reversion  from  one  type  to  the  other 
tiiat  prevents  the  3'8  year  change  of  the  Indian  and  Cordoba  curves  from 
occurring  in  the  British  corvee,  and  substitntes  for  it  an  apparent  shorter 
period  of  about  three  years,  which  is  very  noticeable  in  all  the  British  curves- 
shown  in  Plate  6.* 

A  closer  study  then  of  the  British  preseore  changes  in  relation  to  those 
of  the  Indian  and  Cordoba  regions  may,  therefore,  throw  considerable  I^^hfc 
on  the  pressure  changes  occurring  in  these  islands. 

With  regard  to  the  long-period  changes  which  are  taking  place  in  the 
British  Isles,  the  subject  will  not  be  referred  to  here  at  any  great  length 
as  it  is  etiU  under  discussion.  There  is,  however,  sufBcient  evidence  to  shov 
that  this  British  variation  is  different  in  length  of  period  frem  that  in  action 
in  the  Indian  region,  while  the  latter  ia  ^ain  different  from  the  long-period 
changes  occnning  in  the  Cordoba  r^ion.  This  inquiry  is  one  of  greab 
interest,  but  lack  of  aufficient  data  baa  delayed  the  completion  of  the 
investigation.  It  ia  hoped,  however,  soon  to  communicate  the  resulta  when 
these  requirements  have  been  fulfilled. 

The  onrvea  in  Plate  7  give  a  general  idea  of  the  long-period  British 
variation  that  is  in  progress,  and  there  aeema  evidence  that  the  minimum  of 
this  change  has  already  passed.  As  the  length  of  this  period  is  about 
35  years,  and  the  last  maximum  occurred  in  the  years  about  1878,  the  onrvea 
should  now  all  rise  until  about  the  year  1913,  when  thb  next  maximum 
may  he  expected.      On  the  average,  therefore,  during  the    next    decade 

preceding  minimum.  The  curve  waa  drawn  in  this  manner  becaoee  it  vaa  found  thntr 
when  a  Bymmetrical  cnrre  was  inverted,  it  did  not  correspond  well  with  the  Indian 
presBore  dure,  while  an  unsjuunetrical  uae,  as  shown,  made  a  better  agreement 

*  Previous  to  the  ywr  1879  this  hypothetical  three-jear  cnrre  begins  to  disagree  with 
the  actual  observed  values,  the  mazima  and  minima  of  the  latter  anticipating  those  of 
the  hypothetical  curve.  A  similar  kind  of  disagreement  was  also  noticed  in  the  curve  of 
Indian  presaure  changes  (previous  to  1S73)  and  the  3'8  hypothetical  carve. 
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preBsnm  ^ould  decrease,  rainfall  should  increase,  and  the  Thames  flow 
become  greater. 

In  addition  to  those  to  whom  reference  haa  already  been  made,  we  wish 
to  express  our  thanks  to  Messrs.  W.  Moss  and  T.  F.  Connolly  for  assistance 
in  tibe  computations  and  drawing  of  t^e  curves. 

Conclusions. 
The  above  diacussion  indicates  that  the  following  deductions  may  be 
mode: — 

1.  The  Thames  flow  has  a  lag  of  abont  five  months  on  the  rainfidl 
occurring  in  the  Thames  Basin. 

2.  The  flow  is  closely  associated  with  the  rainfall  of  this  basin. 

3.  The  rainfall  variations  of  the  Thames  Basin  are  identical  with  those 
of  the  larger  portion  of  Great  Britain,  more  particularly  the  eastern  regions. 

4.  These  rainfall  changes  vary  inversely  with  the  pressure  changes  that 
occur  over  the  whole  of  the  British  Isles. 

5.  The  British  pressure  variation  is  closely  associated  with  the  barometric 
see-saw  occurring  between  the  Indian  and  South  American  regions. 

6.  For  all  practical  purposes  the  pressure  and  rainfall  data  of  one  station, 
namely,  the  Badcliffe  Observatory,  Oxford,  are  sufficient  to  indicate  very 
closely  the  subsequent  changes  in  the  Thames  flow. 
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PreUminmy  Report  on  a  Survey  of  Magnetic  De<}lination  near 

the  Royal  Alfred  Observatory,  Maxarkius. 

B7  Thomas  FotKB  Claxton,  Director. 

(Commnnioated  by  Dr.  C.  Chree,  F.B.S.    Beceived  June  22, 190B.) 

The  aooompanying  chart  is  a  graphic  repreeeotation  of  the  lesuItB  of  a 
surrey  of  magnetic  declination  over  a  portioD  of  the  groimda  of  the  Royal 
Alfred  Obeerratoiy,  Mauritius,  which  originated  as  follows : — 

Ahsotate  determinatdons  of  the  magnetic  elements  have  heea  made  with 
instnunents  of  the  Kew  pattern  aince  the  year  1875,  and  in  the  year  1903  it 
was  decided  to  utilise  the  12-iDcb  theodoUte  for  more  refined  observations  of 
declination.  For  this  purpose  its  vertical  pillar  was  removed  and  a  brass  one 
substituted.  Suitable  experiments  showed  that  the  small  steel  screws  in 
various  ports  of  the  instrument  had  no  sensible  effect  on  the  declination 
magnet  whmi  at  a  distance  of  4  feet  frem  the  theodolite. 

It  was  considered  advisable  to  mount  the  new  apparatus  as  near  as  possible 
to  the  old  magnetic  pavilion,  but  at  a  sufficient  distance  to  avoid  sennble 
interaction  of  Uie  magnets  during  the  observations  of  dip  and  horizontal 
force  in  the  old  pavilion. 

It  was  further  desirable  that  tiie  spot  selected  should  command  a  view  of 
the  astronranical  mark  on  Pieter  Both,  a  hill  some  six  miles  to  the  south. 
The  mark  formerly  used  is  only  150  yards  to  the  south  of  the  old  pavilion. 
A  concrete  pillar  for  the  theodoUte  was  accordingly  erected  90  feet  to  the 
south  (m^netic)  of  the  old  declinometer  pillar,  and  a  pavilion  bnilt  over  it 
12  feet  long  by  7  feet  wide  and  10  feet  high.  The  m^net  was  mounted  on  a 
solid  teak  table  6  feet  to  the  south  of  the  theodolite,  and  it  was  found  that  at 
this  spot  the  declination  was  10°  85'  (west),  or  1°  20'  greater  than  on  the  old 
declinometer  pillar  90  feet  to  northward. 

Observations  at  intermediate  points  gave  the  results  shown  00  p.  508, 

On  November  4  observations  were  taken  along  a  line  running  east-south- 
east from  Station  No,  4,  at  intervals  of  from  10  to  30  feet,  and  on 
November  7  at  intervals  of  10  feet  in  a  direction  south-sonth-eaat  from  the 
same  station. 

When  plotted  on  a  chart,  however,  the  results  showed  that  observations  at 
much  cloeer  intervals  were  necessary  before  accurate  isogonio  lines  could  be 
drawn ;  the  instrument  was  therefore  made  to  slide  along  a  plank,  to  the 
sides  of  which  wooden  runners  were  attached,  serving  as  guides  for  a  grooved 
support  cartyii^  the  instrument  Holes  were  drilled  in  the  plank  at 
VOL.  LXXVL— A.  2  H 
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intervals  of  6  inches,  and  after  setting  up  the  plank  on  trestJea,  in  any 
desired  position,  the  decliaometer  was  accurately  centred  over  the  first  hole 
and  its  position  determined,  with  plumb  line  and  tape,  by  triangulation  from 
certain  fixed  points.  After  observing  over  each  hole  in  succesaion  the 
position  of  the  declinometer  was  again  determined  when  centred  over  the 
last  bole,  and  intermediate  positions  obtained  by  interpolatioD. 

Care  was  taken  to  keep  the  msgnet  as  nearly  as  possible  at'  a  constant 
distance  (about  4  feet)  from  the  ground  throughout  the  survey;  but  the 
observations  tend  to  show  that  perfect  suocesa  in  this  respect  was  not 
obtained,  and  two  or  three  sets  near  one  of  the  foci  were  rejected,  as  the 
plotted  results  indicated  that  the  plank  was  either  too  high  or  too  low. 
Observations  at  one  station  gave  12°  40'  (west)  as  the  declination  at  4  feet 
from  the  ground,  and  14°  0'  (west)  at  2  feet  above  the  ground. 

Plotting  the  position  of  the  plank  on  a  chart,  tt^ther  with  the  results  of 
the  observations  as  soon  as  completed,  showed  where  other  observations 
were  necessary,  and  in  this  manner  the  various  foci  were  located  without 
unduly  multiplying  the  observations,  the  intervals  being  suited  to  the 
declination  gradient.  At  some  places  it  was  neoeasary  to  observe  at  the 
beginning  and  end  of  the  plank  only,  while  at  the  first  focus  discovered  the 
declination  was  changing  so  rapidly  that  the  plank  was  discarded  and 
obeervations  taken  at  rectangular  intervals  of  3  inches,  on  a  table  ruled 
and  grooved  for  this  purpose. 

Thus  the  survey  become  extended  until  sufficient  (893)  observationa  were 
obtained  to  construct  the  accompanying  chart 

The  labour  of  observation  and  reduction  was  lightened  by  using  a 
subsidiary  theodolite,  placed  in  view  of  tite  astronomical  mark  and  at  a 
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BufEeient  dist&Dce  from  the  declinomflter.  The  reading  on  the  hnizootal 
circle  of  the  theodolite  corresponding  to  the  astronomical  meridiaD  wad 
obtained  hj  measuring  the  distance  of  the  theodolite  east  or  west  of  the 
transit  instrument,  and  from  oheervatioa  of  the  mark,  which  bears  due  eonth 
from  the  transit  instrument.  It  was  then  only  neceHsaiy  to  observe  the 
bearing  of  the  middle  of  the  declinometer  with  the  theodolite,  and  vice  txrad, 
to  obtain  the  reading  on  the  declinometer  corresponding  to  the  astronomical 
meridian. 
Three  well  marked  foci  were  detected,  as  follows : — 
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Notwithstanding  the  893  observations  from  which  the  accompanying  chart 
has  been  constructed,  the  true  undisturbed  value  of  the  declination  at  the 
observatory  ia  by  no  means  evident.  About  midway  between  the  old  and 
new  piers  the  ist^nic  line  of  9°  30'  forms  a  triangle,  of  about  200  square  feet 
area,  towards  the  centre  of  which  the  declinatioo  decreases  to  9°  20'.  From 
the  north-west  angle  of  the  triangle  the  declination  increases  rapidly  towards 
the  west,  on  the  south  aide  increases  towards  the  south,  and  on  the  east  side 
decreases  towards  the  north-east  and  increases  towards  the  south-east 

Wbre  this  the  only  "  plateau  "  shown  on  the  map  a  value  between  9*  20' 
and  ^  So'  might  be  assumed  as  the  true  declination ;  but  between  30  and 
50  feet  to  the  east-north-eaat  of  the  old  pier  the  isogenic  line  of  10°  forma  an 
ellipse,  of  abont  600  sqnare  feet  area,  over  which  the  declination  is  nearly 
constant,  except  to  the  north-west  of  its  centre  where  the  declination  increases 
to  10^  10'.  Another  area  of  relatively  shallow  gradients  is  that  immediately 
to  the  north-west  of  the  old  pier,  particularly  hetw^n  the  ist^nic  lines  of 
9"  30'  and  9*  45'. 

It  appears,  therefore,  that  the  normal  declination  at  the  Boyal  Alfred 
Observatory,  Mauritius,  is  about  9°  45',  or  30'  greater  than  the  value 
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obtained  on  the  old  pier,  used  for  the  values  publiabed  in  the  annoal  Tolnme 
of  meteorological  and  magnetacal  obBerrations  moe  the  year  1875. 


Fia.l. 

In  the  year  1899  observations  of  magnetic  declination  were  made  at 
23  stations  in  diSerent  parts  of  the  island ;  the  two  extreme  values,  11*^  29' 
(west)  and  7"  30'  (west),  were  obtained  at  pointa  separated  by  only  400 
yards,  while  the  mean  of  the  23  values  was  9°  25'.  The  horizontal  force 
was  observed  at  twelve,  and  tbe  dip  at  six  of  these  stations.  The  mean  results 
were  for  horizontal  force  0-2310  (C.G.S.  unit)  and  for  dip  55°  4'  (south)^ 

Tbe  horizontal  force  and  dip  were  observed  near  the  two  principal  foci 
detected  at  the  observatory,  with  the  following  results : — 
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Station  B  lies  about  midwaj  between  the  positions  of  maxitnam  aod 
minimum  (declination)  of  Focub  Xo.  1.  Stations  E  to  I  lie  nearly  at  i%ht 
angles  to  a  line  joining  the  poeitiona  of  maTi'mnTn  and  TniTiiTniim  (declination) 
of  Focub  Na  2. 

It  will  be  Been  that  from  D  to  O,  a  distance  of  9-7  feet,  the  dip  varies 
8°  6',  the  horizontal  force  0-0407  (C.G.S.  unit),  the  vertical  force  0-0353 
(C.G.3.  unit),  and  the  total  force  0-0043  (G.G.S.  unit). 
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Researches  on  Explosives,    Part  III. — Supplementary  Note, 

By  Sir  Andrew  Noble,  Bart,  K.O.B.,  F.R.S.,  FJUlS. 

(ReceiTed  September  28,  1905.) 

Since  oommimicating  to  the  Boyal  Society  my  Besearches  on  EzpIoeiveB, 
Part  III,  I  have  succeeded  in  obtaining  the  paper*  by  Messrs.  Holbom  and 
Austin  on  the  Specific  Heat  of  Qases  at  High  Temperatures. 

Their  attention  has  been  specially  directed  to  carbonic  anhydride,  and 
their  Researches  show  a  considerable  (but  rapidly  decreasing)  increment  in 
the  specific  beat  of  CO)  with  increase  of  temperature. 

If  we  suppose  the  same  law  of  increment  which  appears  to  rule  up  to 
800°  C.  to  remain  unaltered  up  to  1300°  C,  the  increments  at  that  tempera- 
ture would  appear  to  vanish,  and  if  this  be  so  I  find  that  the  specific  heat  of 
COi,  at  constant  volume,  should  be  taken  at  0'2111. 

I  have  therefore  recalculated  the  specific  heats  given  in  my  recent 
researches,  the  specific  heats,  at  constant  volume,  which  I  have  used  being  as 
follow : — 


0-176       2«1 


HfO. 
0-86S 


and  the  recalculated  specific  heats  of  the  exploded  gases  at  the  varions 
densities  come  oat  as  given  below : — 


For  Cordite. 

D-O-60. 
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'  Preosa.  Akod.  Wise.  Berlin  Sitz.  Ber.,'  voL  6,  p.  176. 
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and  these  figures  are,  T  think,  to  be, preferred  to  those  given  in  the  tables 
where  the  specific  heats  need  were  those  which  had  been  determined  for 
temperstares  under  200°  C. 

The  temperatures  of  explosion  I  am  abont  to  give  have  been  obtuned  by 
two  different  methods — firstly,  by  dividing  the  heats  determined  by  the 
calorimeter  by  the  specific  beats  just  given,  and,  secondly,  using  the  equation 
of  dilatibility  of  gases,  and  determining  the  temperature  from 

0-eO367po  ^  ' 

where  p  is  the  pressure  in  atmospheres  obtained  from  the  erplosion,  and  p^, 
the  pressure  in  atmospheres  when  the  volume  of  gases  generated  is  reduced 
to  0°  C.  and  760  mm.  Bar.  Pressure. 

The  differences  of  the  results  are  very  remarkable. 

Taking  tor  example  cordite  as  an  illustration,  it  will  be  seen  that  for  the 
four  h^hest  densities  given  the  temperatures  derived  from  the  two  methods 
are  but  slightly  different  At  the  higher  density  (0'5)  the  temperatures  are 
5*275°  C.  and  5263"  C,  the  higher  being  that  derived  from  Equation  (1) ;  at 
density  045  the  temperatures  from  the  two  methods  are  identical,  at  density 
0'40  the  temperatures  are  4902°  C.  and  4970°  C,  the  lower  temperature  being 
from  Equation  (1),  but  after  density  0*35  the  temperatures  derived  from. 
Equation  (1)  fall  very  rapidly. 

The  same  general  results  are  observable  in  the  other  two  explosives 
experimented  with,  and  it  should  be  noted  that  in  all  three  explosives,  at  the 
highest  densities,  the  temperatures  given  by  Equation  (1)  are  greater  than, 
those  obtained  by  the  second  method. 

On  the  other  hand  the  temperatures  obtained  by  dividii^;  the  heat 
obtained  from  the  calorimeter  by  the  specific  heat  do  not  greatly  differ,  and 
the  least  difference  rests  with  the  cordite. 

The  figures  for  the  three  explosives .  are  given  below,  the  temperatures 

obtained  from ^—  ■  .„  ■  ■ — —  k 
specino  heats 

Cordite. 

D  =  0-50.        D  =  0-4«.        D-O-40.        b  =  0-35.        D  -  0  ■».    .    D-b'2S. 
6276°  600Cf  «0r  4710°  WSO"  *X«6° 

SS63  S090  4970  4S60  4S00  4770 

D-0-20.        D-O-IB.        D-010.        D  =  0-08. 
BSSff'  3490°  814(f  2776° 

4760  4760  47^0  4S00 
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It  these  6gures  be  examined  it  will  be  noted  that  in  each  explosive  at 
the  higher  densities,  the  temperatuies  obtained  hj  the  two  methods  are 
nearly  identical,  those  determined  from  Equation  (1)  being  the  higher,  but 
as  the  density  of  charge  is  decreased  the  difTerenoe  at  the  very  low  densities 
is  remarkable ;  some  of  this  difference  ifi  doabtlees  attributable  to  the  slow 
burning  under  feeble  pressures,  and  to  the  rapid  cooling,  hy  communication 
of  beat  to  the  walls  of  the  explosive  vessel  during  the  ignition  of  the  charge, 
but  it  is  impossible  to  ascribe  the  whole  difference  to  this  cause,  and  I  can 
only  suggest  that  the  explanation  is  to  be  sought  in  the  probable  dissociatioD 
of  the  carbonic  anhydride  and  aqueous  vapour  at  low  pressures,  this 
dissooiation  being  prevented  wholly  or  partially  by  the  very  high  pressures 
at  the  higher  densities. 

Various  substances  such  as  carbon,  metallic  platinum,  tantalum,  osmium 
and  titanium  have  been  placed  in  the  charge,  and  all  have  been  more  or  less 
fused  and  volatilised  during  the  small  fraction  of  a  second  to  which  they 
were  exposed  to  the  maximum  heat.  Tantalum  wire  coiled  on  a  steel  wire 
became  alloyed  with  the  fused  steel,  taking  up  14  per  cenL  Fe  uniformly 
distributed,  the  Ta  before  the  experiment  beii^  free  from  Fe. 

A  great  part  of  the  titanium  was  recovered  in  a  fused  crystalline  condition. 

Osmium  and  thin  platinum  foil  were  volatilised  and  thick  sheet  platinam 
was  recovered  in  the  form  of  a  button. 
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Oti  Newton's  Rings  formed  by  Metallic  Reflection. 

By  BiCHARD  C.  MACLA.mtiN,  M.A.,  LL.D.,  late  Fellow  of  St  John's  Coll^ 

Cambri(^,  Professor  of  Mathematics,  Wellington,  Kew  Zealand. 

(Conununicated  by  Profesaor  J.  Larmor,  Sec.  R.S.    Keceived  Augitet  IB, — 
Sead  November  16,  1906.) 

In  1876,  Sir  Q.  Stdies  brought  to  tbe  notice  of  the  British  Association*  a 
phenomenon  of  metallic  reflection  which  be  regarded  as  very  remarkable. 
"  When  Newton's  rings,"  he  said,  "  are  formed  between  a  lena  and  &  plate  of 
metal,  and  are  viewed  by  light  polaviaed  perpendicularly  to  the  plane  of 
incidence,  we  know  that,  aa  the  angle  of  incidence  is  increased,  the  rings 
which  are  at  first  dark-centred,  disappear  on  passing  the  polarising  angle  of 
the  glass,  and  then  reappear  white-centred,  in  which  state  they  remain  up  to 
a  gauging  incidence,  when  they  can  no  longer  be  followed.  At  a  high 
incidence  the  first  dark  ring  is  much  the  most  conspicuous  of  the  series. 

"  To  follow  the  ringa  beyond  the  limit  of  total  internal  reflection,  we  must 
employ  a  prism.  When  the  rii^  formed  between  glass  and  glass  are  viewed 
in  this  way,  we  know  that  as  the  angle  of  incidence  is  increased  the  rings 
one  by  one  open  out,  uniting  with  bands  of  the  same  respective  orders  which 
are  seen  beneath  the  limit  of  total  internal  reflection ;  the  limit  or  boundary 
between  total  and  partial  reflection  passes  down  beneath  the  point  of  contact, 
and  the  central  spot  is  left  isolated  in  a  bright  field. 

"  Now  when  the  rings  are  formed  between  a  prism  with  a  slightly  convex 
base  and  a  plate  of  silver,  and  the  an^e  of  incidence  is  increased  so  as  to 
pass  the  critical  angle,  if  common  light  be  used,  in  lieu  of  a  simple  spot  we 
have  a  ring,  which  becomes  more  conspicuous  at  a  certain  angle  of  incidence 
well  beyond  the  critical  angle,  after  which  it  rapidly  contracts  and  passes  into 
a  spot. 

"  As  thus  viewed  tbe  ring  is,  however,  somewhat  confused.  To  study  the 
phenomenon  in  its  purity  we  must  employ  polarised  l^ht,  or,  what  is  more 
convenient^  analyse  tbe  reflected  light  by  means  of  a  Nicol's  prism. 

"  When  viewed  by  light  polarised  in  the  plane  of  incidence,  the  rings  show 
nothing  remarkable.     They  are  naturally  weaker  than  with  glass,  as  the 

*  'Brit  Aaaoc  Report,"  GlMgow,  1876  ;  'Math.»nd  Phya.  Papew,'  vol.6,  pp.361— 364. 
Frofaaaor  Stokee  waa  at  thAt  time  inclined  to  see  in  the  phenomena  the  inflneuce  of  a 
layer  of  gradual  transition  or  whatever  cause  produced  similar  effecta  with  diamond.  The 
author  ieams  from  Prof.  lArmor  that  Sir  Qeorge  Stokea  had  an  intention  for  aome  time 
of  examining  theoretically  the  formation  of  Newton's  rings  on  a  metallic  surface. 

[The  author  ia  indebted  to  Dr.  T.  H.  Havelock  for  the  correction  of  the  press.] 
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interfeiing  streams  are  bo  uDequal  in  intensitj.  Tbey  aie  black-centred 
throughout,  and,  as  with  glaas,  they  open  out  one  after  another  on  approaching 
the  limit  of  total  reflection  and  disappear,  leaving  the  central  spot  isolated  in 
the  bright  field  beyond  the  limit.  The  spot  appears  to  be  notably  smaller 
than  with  gUas  nuder  like  conditions. 

"  With  light  polarised  perpendicularly  to  the  plane  of  incidence,  the  rings 
pass  bam  dark-centred  to  bright-centred  on  passing  the  polarising  angle  of 
the  glass,  and  open  out  as  they  approach  ,the  limit  of  total  reflection.  The 
last  dark  ring  to  disappear  is  not,  however,  the  first  but  the  second.  The 
first,  corresponding  in  order  to  the  first  bright  ring  within  the  polarising  ai^jle 
of  the  glass,  remains  isolated  in  the  bright  field,  enclosing  a  relatively,  though 
not  absolutely  bright  spot.  At  the  centre  of  the  spot  the  glass  and  metal  are 
in  optical  contact,  and  the  reflection  takes  place  accordingly,  and  is  not  totaL 
The  dark  ring,  too,  is  not  absolutely  black.  As  the  ai^le  of  internal 
incidence  increases  by  a  few  degrees,  the  dark  rii^  undeigoes  a  rapid  and 
remarkable  change.  Its  intensity  increases  till  (iu  the  case  of  silver)  the  ring 
becomes  sensibly  black,  then  it  rapidly  contracts,  squeezing  out,  as  it  were, 
the  bright  central  spot  and  forming  iteeU  a  dark  i-pot,  larger  than  with 
glass,  isolated  in  the  bright  field.  When  at  its  best  it  is  distinctly  seen  to  be 
fringed  with  colour,  blue  outside,  red  inside  (especially  the  former).  This 
rapid  alteration  taking  place  well  beyond  the  critical  angle  is  very 
remarkable.  Clearly  there  is  a  rapid  change  in  the  reflective  properties  of 
the  metal,  which  takes  place,  so  to  speak,  in  passing  through  a  certain  angle 
determined  by  a  sine  greater  than  unity. 

"  I  have  described  the  phenomenon  with  silver,  which  shows  it  best ;  but 
speculum^metal,  gold,  and  copper  show  it  very  well,  while  with  steel  it  is  far 
less  conspicuous." 

It  is  with  the  object  of  accounting  for  these  phenomena  that  the  following 
investigation  of  Newton's  rings  formed  by  metallic  reflection  has  been  under- 
taken. 


V  r<   r< 

0,         <iVt      "ftVi     W&i      tfif 


<ft*i*. 


qe,  qSpT,       fft^r,    q^^     Aifr, 


met^ 
Suppose  that  we  have  a  piece  of  glass  and  metal  separated  by  a  thin  layer 
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of  air  of  thicknesa  c.  A  wave  of  »mit  amplitude  represented  by  e*  ('*+■»+"-»*) 
will  at  the  passage  from  glass  to  air,  give  rise  to  a  reflected  wave  n 
^((x+-r+«-pi)  in  the  glass  and  a  refracted  wave  si  e*"'*'^*"-f^^iu  the  air. 
Let  the  quantities  corresponding  to  n  and  si  be  r^  and  st  at  the  passage  from 
air  to  metal,  and  rg  and  Sj  at  the  passage  from  air  to  glass.  Suppose,  further, 
that  a  wave  of  unit  amplitude,  represented  by  e«  Ci+mff+M-po^  becomes 
je*  <■'■•■"*+""'*'  after  traversing  a  distance  c  in  air.  Waves  will  be  reflected 
to  and  fro  between  the  glass  and  metal,  and  the  waves  that  return  into  the 
glass  will  constitute  a  rellected  beam  represented  by 

n+y'si»-3»8{l+ffVar3+g^3W+-..  adinf.) 

=  n->rfi^,  provided  |j»r^|<l. 

The  values  of  the  quantities  T\,  t%,  etc,  will  be  given  by  the  theory  of 
reflection  and  refraction,  and  in  this  way  we  can  easily  prove  that  ^1+1*3=0 
and  S1S3  =  1— ri*=  1— rs",  results  that  can  also  be  obtained  by  means  of 
Stokes'  principle  of  reversion  or  by  noting  that  when  the  metal  is  replaced 
by  glass  (so  that  rg  and  h  coincide  with  rg  and  ^)  and  the  thickness  of  the  layer 
of  air  is  indefinitely  diminished  and  q  becomes  unity,  then  all  the  light  is 
transmitted  and  none  reflected.  Making  use  of  these  relations  we  obtain  for 
the  reflected  beam 

gVa<l-ri')  ^  7-1  + gVa 
'"^    l  +  ff^,r,         l  +  ff«r,ra* 

In  general  n,  n,  and  j*  will  be  complex  quantities.  "We  shall  put  n  =  Bi*"', 
=  Kae*,  5*  =  Qe** 
We  thus  get 

The  intensity  of  the  reflected  beam  is,  therefore, 

l  +  Q»Ri»IV+2QHiItacos(d3+^  +  ft)' 
!nie  numerator  is  the  square  of  the  resultant  of  two  vectors,  Bi  and  QR3, 
inclined  at  an  angle  $3-\-<^—8i.    If,  then,  there  is  to  be  absolute  blackness 
anywhere  we  must  have  I  =  0,  sothat  Bj  =  QRa  and  ^3+^— 5i  =  (27i+l)V 
where  n  is  an  integer. 

It  will  be  necessary  to  distinguish  two  cases — first,  when  the  angle  of 
incidence  is  less  than  the  critical  angle  of  the  glass,  and  second  when  it  is 
greater  than  that  angle.  In  each  case  vibrations  parallel  and  perpendicular 
to  the  plane  of  incidence  must  be  dealt  with  separately. 
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(A)  Helmo  the  Critical  Angle. 
If  ^  be  the  angle  of  incidence,  ^'  that  of  tefraotion,  and  n\  the  refractive 
index  of  the  glass,  we  have  sin  0'  =  /ii  sin  0.    The  surface  of  separation  ia 
x  =  Q,  the  plane  otxyia  that  of  incidence,  bo  that  everything  is  independent 
of  2.  The  components  of  the  light  vector  are  proportional  to  ^Tit~(f»4'-<rv<^V)niZ 
where  Yi  is  the  velocity  of  light  in  air.     Putting  x  =  e  we  see  that 
5  =  e-*(i«"»*'/Vi>  =  e-iw-t/A-eo.*-)  where  \  is  the  wave-lei^h  in  air.     Hence 
we  obtain  Q  =  1  and  ^  =  — 2irc/X..cos0'.    We  thus  have 
j_  g+6cos(g3+-^-gi) 
ai  +  6co8(5a  +  ^  +  ^i)' 
where  a=  Ei»+Ej*,  «i  =  l  +  Ei>Ea»,  6=  2EiKi. 

For  a  given  angle  of  incidence  Ei,  Ej,  6i,  and  62  are  constants  and  the  only 
variable  in  the  expression  for  I  is  ^,  which  depends  on  the  thicknees  (c)  of 
the  layer.  Differentiating  I  with  respect  to  ^,  we  find  that  I  is  etationary 
when 

6Bin2(?i  +  tt8in(5i  +  tfs  +  i^)  +  ai8in(5i-tfj— ^)  =  0; 
i«.,    (o— ai)coB(9iBin(5s+^)+(a+ai)8in(?iCOB(53  +  ^)  +  ft8in2(?i  =  0. 

Putting  tan/9  =  ?i±5tane,  and  nJnT-    ,        -&ain2gi  ^.^  ^^ 

ai—a  V(ai— o)*+4aaiBin'5i 

appear  from  the  sequel  that  y  is  always  real),  we  get 

8in(-^+Sa— i^  =  Bin7, 
ThoB  -^+^1— y3  =  »ir+(-l)"7, 

where  n  is  any  integer,  so  that 

c  =  ^sec0'[wwr+(-l)*7+ft-i9], 
m  being  an  int^er. 

By  giving  different  values  to  m  we  see  that  tJtere  will  be  rings  of  mftTimiim 
and  minimniTi  intensity. 

Li^ht  polarised  pwpendieuiarly  to  the  Plane  of  Tneidenee. 

If  we  suppose  the  transition  from  glass  to  air  to  be  abmpt,  then  n  as  given 
by  Freanel's  formula ;  viz., 

_  tan  (0—0')  _  — tan(0'— 0) 
tan  (0+0')        tan(0'  +  0) 
When  0  lies  between  0  and  the  polarising  angle  (tan~>  l//t),  this  gives 
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while  when  ^  is  greater  than  the  polariBing  angle  it  gives 

^         tan(f-^)      ^^    g       Q 
-tan(^'+^) 

In  both  cases  I  is  statLonary  when  0a+'<lr'^wr,  n  being  an  integer.    The 
maximnm  valne  of  I  is 

-S      \l+E,Ki/' 


and  the  nunimum  is 


a—b  _  /Ri-BflY 
B,-6      \i-BiRJ' 


"When  ^  is  lees  than  the  polarising  angle  I  is  a  maximnm  when  n  is  odd, 
and  a  minimum  when  n  is  even ;  when  ^  is  greater  than  that  angle  I  is  a 
minimum  when  n  is  odd  and  a  maximum  when  n  is  even.  At  the  polarising 
angle  &  =  0  so  that  I  =afai  (a  constant),  and  there  are  no  ring& 

If  we  sappose  the  transition  from  glass  to  air  to  he  gradual  and  not 
abnipt,  then  we  know  that  8i  enters  by  d^rees  instead  of  suddenly  becoming 
ir  at  the  polarising  angle.  Except,  however,  within  a  few  degrees  of  the 
polarising  angle,  n  is  sufficiently  well  represented  by  Fresnel's  formula  above. 
In  the  immediate  neighboarhood  of  the  polansing  angle  we  have 

vi  =  x—iy    where    x  =  - — ^~T>v  >      ^^^ 


tan{^+0)'  *      cos0  +  /ico80" 

e  being  a  small  constant  depending  on  the  thickness  of  the  layer  of  transition 
and  the  law  of  variation  of  the  refractive  index  within  that  layer,*  It 
thus  appears  that  h  will  be  a  small  quantity,  and  that  h  sin  28\  will  always 
be  less  than  v'(ai— 0)*+  4aa\9m^$\  and  that  7  will  be  small,  fi,  however, 
wiU  not  he  small,  but  will  vary  from  0  to  tt,  being  0  when  ^i  =  0,  ^  at  the 
polarising  an^,  and  v  when  di  is  ir.    I  is  a  maximnm  when  n  is  even,  in 

which  case  its  value  is = ^,l'"^~  ~  and  a  minimum  when  »  is  odd, 

Oi+6cos'((9,+7+^) 

in  which  case  its  value  is  -^-, ,^    '^~„t       Owine  to  the  smallness  of 

«i— Jcos((?i— 7+/9) 

h  the  variations  of  intensity  will  be  very  slight,  ao  that  the  rings  in  the 

neighbourhood  of  the  polarising  angle  wiU  scarcely  be  visible. 

For  the  determination  of  the  radii  of  the  rings  and  their  intensity  nothing 

remains  but  the  calculation  of  the  constants  Si,  Bg,  $a.    For  this  purpose  we 

shall  take  /n  =  l'o96,  which  gives  a  polarising  angle  of  32°  1'  and  a  critical 

angle  of  38°  47'.    We  obtain  Ri  from  the  formulae  already  given. 

•  See  '  Boy.  Sc«.  Proc.,'  A,  toL  76, 1900,  p.  61. 
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*■ 

H,. 

*- 

R,- 

HP  0' 

0-2304 

38°     0' 

0-4541 

10    0 

0-2195 

38     15 

0-5257 

20    0 

0-1747 

38    30 

0-6248 

30    0 

0-0524 

38    46 

0-8812 

35    0 

01212 

ro  detennioed  from  the  formula 

E^  =  r,= 

=  «»(f-f), 
taii(f +*'■)' 

where  ^"  is  a  complex  quantity  given  by  sin  ^'  =  (jto—ia)  sin  ^".  Here 
in,  13  the  "  refractive  index  "  of  the  metal,  i.e.,  the  ratio  of  the  velocity  of 
light  in  air  to  that  in  the  metal,  and  afi^t  is  the  coefScient  of  absorption. 

We  shall  put  it^—ta  =  M«~K  For  all  the  metals  M'  is  large ;  according 
to  Drude's  experiments  it  is  least  for  copper,  where  its  value  is  7'27,  and 
greatest  for  zinc,  where  its  value  is  34*52.  For  the  two  metals — silver  and 
steel — to  which  wa  shall  apply  the  theory,  M*  is  13'5  and  17"37  reapeetively, 
so  that  the  error  in  n^lecting  M~*  and  higher  powers  of  M~'  will  be  very 
small  To  this  order  of  approximation  we  have 
I  //      1     sin'  A'  « 


2M' 
l+fe«*. 


A"=l-22l*'«" 

=  Ow-i.)  OOB  *'  [l  +  ^^'s*-] 

=^,.[^(1V^-)_^(1_^)]. 

■efote  ■ 
P^_co9»'[/io(l+Bin'^72M')-xfl(l-8in'»72M')3-l 
^^^     C08^'[ii»(l+8in»^72M»)-ia(l-8in>^72M»)]+l' 


Whence 
where 


2/io  COB  ^'  (1  +Hin'  ^'J2W) 


l+M>co8»0'[l-(a>-^")8in»^7M*+8in*^74M«] 

_■ 2/ioCO8  0'[l-fain'^72M'] 

1  +  M*  co8»  ^'  [1 + sin*  ^74M*]  +  ^n»  *'  cos*  *'  coa  2« ' 
and 

ton  9.= 2»cos,»-Cl-8iii-y/2M1 

B7  the  aid  of  these  fonnulfe  the  followiog  values  of  Bi  and  6t  have  been 
calculated  for  silver  and  steeL 
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Silver.  Steel 

^  =  0-18;  a  =  3-67;  M' =  13-5  ;  /*fl=2-41;  a  =  3-40;  SP=  17-37; 

coe  «  =  —0-9952.  cob  >  =  —0-3283. 


♦• 

♦'.           B,'. 

B^ 

»,■ 

♦■ 

B,'. 

Bj- 

«> 

0      0 

h    n 

0-952 

0-976 

m>  86 

0    b 

0-686 

0-764 

887    ^ 

0-960 

0-975 

828    18 

10      0 

0-676 

0-768 

886    41 

0-971 

828    89 

20      0 

0-602 

sas     6 

30      0 

62    67 

0-936 

0-962 

310    24 

ao     0 

0-439 

0-666 

322    26 

66    17 

0-907 

0-962 

290    10 

85      0 

0-830 

0-666 

808    18 

0-906 

0-968 

249      0 

38      0 

0-617 

261    20 

38    IS 

81    13 

0-916 

0-967 

286    62 

88    16 

0-297 

0-646 

889    17 

as  ao 

sa  ao 

0-980 

0-966 

238    88 

38  ao 

0-870 

0-606 

228    46 

88    46 

88    14 

o-»e9 

0-989 

198    26 

88    46 

0-738 

0-869 

191    42 

We  are  now  in  &  poaition  to  calculate  the  intensity  I  at  aaj  point.  FOr 
OUT  purposea  it  will  be  euffident  to  detennine  the  mftTimnm  and  minitnum 
values   of  I   and   its  values   at  and  very  near    the   centre.     We    have 


U-KiEa/* 
Very  near  the  centre  -^  =  0,  and  we  have 
g- tcoafli 
«!  —b  cos  dt ' 


1  = 


where  ^  ia  leas  than  the  polarising  anf^le,  and 

T  —  ''+^P*^^J 
~  ai+booe8t' 
where  ^  is  greater  than  that  angle. 

From  these  formnhe  and  the  numerical  results  on  -pp.  520  and  -521  the 
following  table  has  been  made  up : — 


Silver. 

Steel 

I 

I 

J, 

*■ 

I 

I 

I(qmt 

(in»i.). 

(min.). 

»na,). 

(mK.). 

(Bin.). 

Mntn). 

0      0 

O-SflO 

0-934 

0-931 

0      0 

0-716 

0-420 

0-443 

10      0 

0-967 

0-923 

0-930 

10      0 

0-708 

0-418 

0-441 

0-918 

0-928 

20      0 

0-618 

0-873 

80      0 

0-932 

0-917 

0-921 

80      0 

0-468 

0-B90 

0-896 

SS      0 

0-926 

0-882 

0-916 

36      0 

0-418 

0-238 

0-880 

38      0 

0-962 

0-778 

0-914 

38      0 

9 -619 

0-007 

0-867 

38    16 

0-974 

0-763 

0-913 

88    16 

0-692 

0-001 

88    30 

0-982 

0-788 

0-914 

88    80 

0-798 

0-001 

0-866 

38    46 

0-998 

0-704 

0-916 

38    46 

0-981 

0-008 

0-864 
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The  value  of  the  intenBity  at  the  ceotie  cannot  be  obtained  from  these 
formu]ffi,  for  at  that  point  there  is  no  air  apace  between  the  glass  and  metal, 
80  that  we  have  direct  reflectioD  from  the  metaL  The  intensity  in  this  case 
can  be  obtained  from  the  formula  for  It^  on  p.  520  by  replacing  /t«  and  a  by 
^//ii  and  a/fii  respectively.  In  this  way  we  obtain  the  following  valoes  of 
the  intenaity  for  diflerent  values  of  ^  ranging  from  0  to  90°. 


♦•     1  «■■ 

IV. 

9f. 

ao°. 

4Cf. 

Of. 

«f. 

TV. 

80". 

«f. 

&">!::: 

0-981 
0-44S 

o-eao 

0-488 

0-989 
0-426 

0-984 
0-408 

0-918 
0-862 

0-910 
0-816 

O-90S 
0-266 

0-896 
0-216 

0-92B 
0-846 

1 

I 

The  radii  of  the  rings  can  be  readily  obtained.  If  r  be  the  ladiuB  of  a 
ring,  K  the  curvature  of  the  lens,  we  have  very  approximately  c  =  Jxr*.  We 
have  seen  that  at  any  point  on  a  ring  of  maximum  or  minimum  intensity 


Hence  we  have 


p  =  r  V  ^  =    Yp-»W^:. 


The  smallest  ring  corresponds  to  »  =  1,  the  next  to  »  =  0,  the  next  to 
« =  —  1  and  so  on.  From  this  formula  we  shall  calculate  the  values  of 
fn,  pa,  pa,  and  pi  (coneeponding  to  the  first  four  rings),  for  different  values 
of  0  ranging  from  zero  to  the  critical  angle. 


Silver. 


Steel 


f. 

ft- 

ft. 

ft- 

ft- 

♦• 

ft- 

Pf 

ft- 

ft- 

h   'o 

0-912 

1-86 

1-6S 

l-flfl 

°0      0 

0-98S 

1-87 

1-70 

1-97 

10     0 

0-826 

138 

1-71 

2-O0 

10     0 

0-9B8 

1-40 

1-78 

2-01 

20      0 

0-976 

1-47 

1-fiS 

a -18 

20      0 

1-01 

1-68 

1-88 

2-17 

1-10 

1-69 

2-18 

2-48 

80      0 

1-16 

173 

2-16 

2-81 

a-00 

2-56 

8-00 

86      0 

1-SI 

2-06 

2-68 

8-08 

88      0 

1-41 

2-72 

8 -68 

4-2« 

88      0 

1-48 

2-78 

8-68 

4-27 

88    16 

1-44 

2-93 

8-89 

4-66 

88     16 

1-44 

2-9K 

8-90 

4-67 

1-468 

8-81 

6 -88 

38    80 

1-46 

8-81 

4-46 

6 '86 

88    46 

1-496 

5-89 

8-19 

9-9R 

88    46 

1-46 

0-88 

8-19 

9-87 

88    47 

1-6 

« 

a> 

1-46 

» 

as 

From  these  results  it  will  appear  that  the  rings  open  out  as  the  angle  of 
incidence  increases  The  expansion  of  all  the  rings  except  the  first  is  very 
rapid  when  nearing  the  critical  ai^le,  and  the  radius  of  each  increoBes  to 
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infinity  when  the  critical  angle  is  reached.  With  the  first  ring,  howeyer, 
there  is  very  little  change  as  the  critical  angle  ia  approached,  and  the  limiting 
value  of  r  y«/X  is  1*5  for  silver  and  1*45  for  steeL  Our  fonnnhe  cannot,  in 
Btrictneea,  be  applied  when  if>  is  exactly  eq\ial  to  the  critical  angle,  for  then 
I^Vif^l  =  1,  and  the  fundamental  series  on  p.  517  loses  its  convergence.  We 
may,  however,  approach  the  critical  angle  as  near  as  we  wish.  We  have  seen 
that 

tan^,= 2«co30'ri-Bin'.»72M1 

M='cos»^'[l+8in*^74M*]  +  Bin"0'co8^0'co8  2«-l 

When  <f>'  is  nearly  90°,  tan  63  is  very  small,  and  we  have 

0a— TT  =  tan  {5i— x)  approx. 
Therefore 

^  '      '      f      M'oos'^'[l+«m'^'/4M']+«iiiV'o<»'*'o<»2ii-l' 
the  limit  of  which  is  2a(l—l/2M>).    Whence 

which  gives  the  values  for  silver  and  steel  recorded  above. 
From  the  formula 


'^/f=^/(^")■«♦' 


we  see  that  r  is  a  function  of  \,  so  that,  unless  homi^neous  light  be  employed, 
the  rings  will  be  coloured.  0'  and  consequently  $7  are  functions  of  X,  but 
the  change  in  r  due  to  this  fact  will  be  inappreciable,  and  very  approximately 
we  shall  have  rot^V  Thus,  if  ra,  r^,  and  r»  be  radii  corresponding  to 
Fraunhofer's  lines  A,  D,  and  H  in  the  spectrum,  A  being  in  the  extreme 
red  and  H  in  the  violet,  we  have,  approximately. 


In  what  way  this  will  affect  the  appearance  of  the  rings  will  be  seen  most 
clearly  by  drawing  curves  to  represent  the  intensity  for  various  angles  of 
incidenca    The  following  tables  give  the  value  of  p  corresponding  to  the  lines 
VOL.  LXXVI. — A.  2  0 
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A,  D,  and  H,  the  values  of  p  in  the  tables  on  p.  522  being  taken  to  oorreepond 
to  the  line  I) :— • 

Silvei-. 


*.                  tf-. 

20^. 

88°. 

116 
1-41 
1-60 

2-21 
2-72 

8-oe 

2-91 
8-68 
4-06 

8-40 
4-28 
4-S4 

0-741 
0-913 
1-04 

110 
1-86 
1-58 

1-37 
1-S6 
1-91 

1-C9 
1-96 
2-22 

0-798 
0-976 
1-11 

1-19 
1-47 
l-«7 

1-49 
1-88 
2-06 

1-78 
3  18 
2-43 

^  ■  \BE. 

Foirth  „  ij^zz:. 

♦• 

OP. 

9(f        j         88°. 

0-7«> 
0-986 

1-oe 

0-821 
1-01 
1-16 

1-34 
1-68 
1-74 

1-68 
1  88 
3  18 

1-76 
8  17 
2-46 

116 
1-4S 
1-62 

S-3S 
S-7S 
8  10 

3-92 

8 -69 
4-OB 

8-47 
4 -27 
4-86 

S«>oiid     „        "„ 

1-87 
1-68 

1-88 
1-70 
1-98 

1-eo 

1-97 
3-34 

^         rp. 

u 

The  general  effect  of  this  dependence  of  the  radius  on  the  wave-length  will 
be  that  each  br^ht  ring  will  cht^ge  in  colour  from  violet  on  the  inaide  to  red 
on  the  outBide,  whereas  in  the  dark  rings  the  order  of  colours  will  be  i-eversed. 
Ab,  however,  in  the  case  of  silver,  the  difference  between  the  maximum  and 
minimum  intensities  is  nowhere  great,  the  rings  will  not  be  conspicuous 
enough  to  show  the  colours  well.    Another  effect,  well  illustrated  by  the 

*  TheM  reaults,  however,  neglect  the  change  Id  the  optical  cODstantB  of  the  metak  with 
cbaDging  wave-leDgth,  bo  can  only  be  (»naidered  as  illustrative  tor  metals  of  the  wioiu 
tjpea.  The  ring  system  has  in  fact  been  employed  by  P.  Gl&u  to  determine  the  phaae- 
change  oa  reflection  for  different  oolonn. 
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tables  above,  is  that — for  all  the  rings  except  the  first — the  red  of  one  hog 
win  overlap  the  violet  of  the  next.  This  will  dimioish  the  sharpness  of  the 
rings,  and  make  the  first  appear  more  conspicuous  than  the  others. 

Following  Stokes,  we  shall  compare  these  results  with  the  case  when  the 
metal  is  replaced  by  glass  of  the  same  refractive  index  as  the  ^rst  piece. 
The  phenomena  in  this  case  are  very  well  known  and  have  been  frequently 
discussed  mathematically.  We  have  only  to  put  r^  =  rj  =  — ri  and  ^  =  e** 
in  the  formula  of  p.  517,  and  we  get  for  the  reflected  beam 

l_R,V»+»-i" 
Except  near  the  polarisii^  angle  we  may  put  ^i  =  0  or  n-,  so  that  e***!  =  I, 
and  we  get 

,_       4Ri'sin'|^ 
~H-Ki*-2Ri*cos^" 

This  has  maxima  and  minima  when  -^  =  nw,  where  n  is  an  integer.  If  n 
is  even,  I  =  0,  and  if  »  is  odd,  I  =  4Ei*/(l  +  Ei*)". 

The  radii  are  given  by  r^/lcfx  =  ^n  sec  ^',  Where  n  =  0,  we  get  r  =  0 
and  I  =  0, 80  that  there  ia  a  black  spot  at  the  centre.  The  following  table 
gives  the  value  of  r^/lcj\  for  the  first  four  rings  corresponding  to  »  =  1, 2, 3, 4 
respectively,  the  first  one  being  bright. 

Glass. 


*■ 

Pi- 

ft- 

Pi- 

Pt- 

b  'o 

1-00 

!•« 

1-78 

2-00 

10      0 

1-02 

1-44 

2-04 

ao     0 

1-09 

I-66 

l-8» 

2-19 

80      0 

1  M 

1-82 

2-28 

2-68 

86      0 

1-58 

3-23 

88      0 

2-33 

8-29 

4-02 

4-66 

38    IS 

2  66 

8-62 

4-43 

6-11 

S8    SO 

2  97 

4-20 

as   46 

6-70 

8-06 

88    47 

<o 

" 

The  maximum  value  of  I,  i.e.,  its  value  at  the  first,  third,  etc.,  ring  is  as 
follows : — 


♦■ 

0". 

- 

20*. 

30°. 

^. 

ST. 

38°   16'. 

38=  80'. 

88°  46'. 

(M«.)I... 

0-436 

0-419 

0-839 

0-106 

0-239 

0-667 

0-678 

0-808 

0-984 

2  0  2 
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To  exhibit  tlie  influence  of  colour  on  the  size  of  tbe  tinge  we  have  the 
following  table : — 


*. 

(f. 

20°. 

sr. 

OBI 
l-OO 
I'U 

1-16 
1-41 
1-W 

1-41 
1-78 
I'M 

1-63 
2-00 
a -27 

0-886 
I-09 
I-U 

i-ae 

1-66 

i-r« 

l-H 

1-80 
2  14 

1-78 
2  10 
2-48 

1-80 
2-82 
2-63 

2-68 
8 -SO 
8-78 

S-87 
4-02 
4H 

8-78 
4-66 
0-28 

"  \z 

It  will  be  well  to  illustrate  most  of  these  matters  graphically.    F^  1,  2, 3, 
and  4  represent  the  first  four  rings  for  vslues  of  0  (0°,  10°,  20*,  and  30°) 


% 


■_a.. ^_^^, 

lZ                            -'' 

^     ^'5  ix. 

^      3      1  + 

•^           ~j     \t 

^X  71 

-    V       tl 

.    W-        t4+ 

Ui-.E^it 

B  — ~_U-~~-        •' 

■■ 

■■  ^^'"^^  ''i 

.tg:     \i.  rr 

az'^vT^ 

.    ±7^,  7\ir 

y    \l^-,- 

ut      \t±^ 

Fio. 

. 

. 

_ 

_ 

- 

_ 

_ 

, 

^J 

,• 

^ 

-- 

1— 

^ 

1— 

N 

' 

I 

•S5 

— - 

' 

■^ 

\ 

, 

' 

0 
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below  the  polamiog  angle.  A.  glance  at  these  figures  wiU  show  that  the 
rings  are  all  dark-centred,  that  they  gradually  expand  as  ^  increases,  and  that 
the  ni^  are  much  less  distinct  with  silver  than  with  steel  or  glass.  The 
rings  are  most  distinct  with  glass,  but  the  difference  between  that  and  steel 
is  not  very  marked. 

Fig.  4  shows  that  as  the  polarising  angle  is  approached  the  rings  rapidly 
disappear.  After  passii^  the  polarising  angle  the  rings  pass  from  dark- 
centred  to  bright-centred  in  the  case  of  the  metals;  but  with  glass  they 
remain  bright-centred  throughout.  This  ia  clearly  brought  out  in  ligs.  5,  6, 
7,  and  8  which  follow.  The  rings  are  still  very  much  more  distinct  with 
glass  and  steel  than  with  silver.  There  is  a  dose  resemblance  between  the 
rings  with  glass  and  with  steel — the  main  difference  being  that  the  rings 
with  steel  are  bright-centred,  but  the  brightness  at  the  centre  is  not  very 
appreciable  compared  with  that  at  the  rings.  The  rings  with  steel  are 
slightly  more  distinct  than  with  glass  and  slightly  lai^r.  After  passing  the 
polarising  angle  the  rings  have  ail  expanded  so  much  that  it  is  convenient  to 
use  a  smaller  scale  to  represent  the  radius,  and  in  the  figures  that  follow 
(5  to  8)  the  scale  ot  pia  half  that  in  the  earlier  figures. 


-     3:-^qs 

.  ^  g     ^j 

a^  -4^ 

ZJCljV 

\   4   tXXi 

.\^-^'    Xk 

-^3-4? 

t  /   kZt    01    I 

-.  -y'"\  -/' 

':^^>^?c:-^|n:: 

'-"?A-'A-- 

^  i  7    v^  H'n^ 

M/lll¥lR|l 

==-2'^       - 

-    ^       *^"t^ 

^^       /--, 

/     T' 

/z 

/  ^ 

^     -y      / 

.    \^    i 

5     J~ 

rz:^/::  ::::  ,  : 
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The  colour  effects  are  brought  out  by  figs.  9  and  10,  the  first  of  which 
deals  with  the  case  where  ^  =  0  and  the  second  with  if>  =  38°,  ie.,  beyond 
the  polarising  ai^le.  The  dotted  curve  represents  the  intensity  for  red, 
and  the  continuous  curve  that  for  violet. 


.'^^^Z--v,*'t'i'' 

^   -^   '■' 

^\^lv   Z 

^qij^/*^ 

%     Z4-ti 

.\  'ZC"t,. 

-    c^  ^r  1J" 

r  ^^7  i     L  z 

LigM  Polarised  Parallel  to  the  PUmt  of  Ineidmce. 

In  tliis  case  the  influence  of  the  transition  layer  on  the  phase  is 
always  very  small,  bo  that  we  may  employ  Freanel's  formula  throughout 
and  put 

n=:""gi-g=R,    and    tf.  =  0. 
We  then  (see  p.  618)  have 

j_    tt  +  600B(gi  +  ^). 

Oi  +  6  cos  {tf J  +  ■^) ' 

so  that  maxima  and  minima  occur  when  9i+^  =  twt,  n  being  any  int^er. 
The  maximum  intensity  is 


and  the  minimum  is 


ai  +  b      U  +  RiEa/   ' 


g-i_/Ei-RaY 
ai-b      U-R,Rsr 


The  lings  will  be  dark-ceutred  throughout,  instead  of  passing  from  dark- 
centred  to  bright-centred  as  with  light  polarised  perpendicularly  to  the  plane 
of  incidence 
We  have  the  following  values  of  Ri  obtained  from  the"^ formula  above: — 
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0°  0' 

0-230 

38°     0' 

0-743 

10  0 

0-243 

38     16 

0-V83 

20    0 

0-283 

38    30 

0-834 

30    0 

0-393 

38    46 

0-952 

35    0 

0-530 

Ra  and  0a  are  detormined  from  the  formula  ((^  p.  520). 


whence 
which  gives 
where 


1— ^c*_  ain  0'  COS  4"" 
1  +  Eje*^      C09  ^'  Bin  ^" ' 

l-/4o(l -sin' ^72^1*)  Bee  0^+ttt(l  +  ain'^72M')Bec^' 
l+iio(l-sin*^72M*)8ec0'-m(l  +  8in'^72M»)flec^" 


By  the  aid 
obtained : — 


1-g 
"1  +  *' 

2;tflBec0'(l-BinW2M^ 

*H-M*8ec»*'[l  +  M-*(a>-Mo*)8in3*'  +  4M-«flin*0'] 

2/10  sec  0'(l-Bin'^72M'^ 

"  1  +  M»8ec^'(l+Biii"f /2M»)-tan»^'co82a' 

g  ^ -  2a  sec  ^'  (1  +  Bin'  ^7281") 

'      M»sec'^'-l  +  M--'tan>0'(a'->io*  +  i6in»^') 

— 2aBec  0'  (1  +8in'  4t'/2W) 

- 1  +M»  Bee'  ^'  (1  +6in'  ^72M»)— tan"  ^'  cos  2« ' 

of  these  fotmulee  the  followiug  values  ol  Its  and  $a  have  I 


♦■ 

E,» 

Er 

tf 

f- 

B.'. 

E,. 

h- 

'o    'n 

0-9S2 

0-976 

m  86 

0    'n 

0-sse 

0-764 

aS7  4g 

10      0 

0-868 

0-976 

880    48 

10      0 

0-697 

0-778 

888    SI 

ao    0 

0-969 

0-980 

384    86 

30      0 

0-639 

0-799 

841    12 

so     0 

0-971 

0-9BS 

341    48 

80      0 

0-726 

0-S62 

86      0 

0-98B 

0-982 

MB    62 

36      0 

0-880 

0-911 

868      0 

88      0 

0-992 

0-996 

364    26 

88      0 

0-907 

0-963 

366    46 

88    47 

1-OOD 

1-000 

860      0 

88    47 

1-000 

1-000 

860      0 
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From  these  results  we  derive  the  following. values  for  tiie  intensity  at  the 
bright  and  dark  rings,  and  near  the  centre  (c/.  p.  521) : — 


The  value  of  the  intensity  cU  the  centre  (cf.  p.  621)  is  obtained  front  the 
formula  for  'R^  on  p.  529  by  replacing  /to  and  a  by  juo//*i  ^nd  a/fi^  respectively. 
In  this  way  we  obtain  the  foUowii^  values  of  the  intensity  as  ^  ranges 
from  0  to  90° :— 


*■ 

<f.      j     l(f. 

Xf. 

80°. 

40°. 

60P.    1    60°. 

70°. 

80°. 

9CP. 

I  (rilrar)...!  O-SBI 
I(rteel)  ...  0 -MS 

0-932 
0-449 

0-986 
0-467 

0-941 
0-4S4 

0-949 
0'64I 

0-967 
0-600 

0-987 
0-674 

0-978     0-989        1 
0-766     0-878        0 

For  t^  radii  of  the  rings  we  have  the  following  values  (^.  p.  522) : — 
Silver.  Steel 


f- 

ft- 

ft- 

H- 

Pf 

♦• 

Pf 

ft- 

ft.    ■ 

Pf 

'o    b 

0-918 

1-36 

1-68 

1-96 

°0 

'n 

0-086 

1-37 

1-70 

1-97 

10     0 

0-034 

1-39 

1-72 

8-00 

10 

0 

0-967 

.   i-40 

1-73 

2-01 

1-49 

1-86 

2 -IS 

80 

0 

1-08 

1-60 

1-86 

2-16 

so     0 

1-32 

1-99 

2  19 

2-64 

8(1 

0 

1-24 

1-79 

2-20 

2-66 

86      0 

1-58 

2-71 

8-18 

86 

0 

1-66 

8  81 

2-71 

8-14 

88      0 

2-29 

s-ae 

a -91 

4-68 

38 

0 

2-30 

8-27 

4-01 

4-68 

38    4? 

to 

to 

* 

88 

47 

w 

« 

* 

* 

The  influence  of  colour  on  the  size  of  the  rings  is  exhibited  in  the 
following  tables: — 
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Silver. 


♦■ 

<f. 

30". 

38°. 

0-741 
0-913 
l-M 

i-io 

1-85 
1  M 

0-821 
1-01 
1-lS 

1*21 
!■« 
1-68 

1-82 
2-29 
2-80 

2-66 
8-26 
8  70 

8  18 
3-91 
4-44 

8 -76 
4-88 
6-26 

Second     Jw!;;:"" 

1-68               1-86 
1'9I               2-10 

I  -69               1  -76 
I'M               2 -IS 

♦- 

0°. 

20". 

88*. 

0-760 
0-936 
1-06 

I  11 
1-87 
1-66 

1-88 
1-70 
1-93 

1-60 
1-97 
3  24 

0-8S7 
1-08 
1-17 

1-33 
1-60 
1-70 

1-61 
1-86 
2-11 

1-76 
a -16 
2-46 

1-87 
2  SO 
2-ei 

2-66 
8-37 
8-71 

8-26 
4-01 
4-66 

8-78 
4-68 
6-26 

8«^  „  1^::;;::;: 

If  we  wish  to  compare  these  redulte  with  those  for  glass  we  have  merely 
to  substitute  the  values  of  Rt  in  the  formola  of  p.  525.  The  radii  of  the 
rings  are  the  same  as  for  the  case  of  perpendicularly-polarised  light  The 
only  difierence  is  that  the  maximum  value  of  I  is  now  given  by  the  following 
table:— 


♦■ 

(f. 

lOP. 

2Cf. 

80°. 

86°- 

88°. 

88"  47'. 

(Ite.)!... 

0-488         0-469 

0-526 

0-690 

0-827 

0-968 

1 

The  graphical  representation  of  these  results  is  undertaken  in  the  next 
three  figures.     It  will  be  seen  that  the  rings  with  silver  are  very  indistinct. 
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With  ateel,  however,  the  rings  begin,  when  if>  is  small,  hy  being  almost  aa 
marked  as  with  glass.  They  remain  fairly  distinct  aa  0  increases,  but 
the  rings  with  glass  gain  in  intensity  much  more  markedly  than  with  steel. 
In  all  cases  the  rings  are  dark-centred ;  but,  as  will  be  seen  from  fig.  13, 
OS  we  approach  the  critical  angle  the  difference  between  the  intensity  at 
the  centre  and  at  the  first  ring  is — with  the  metals — very  slight,  so  that 
there  will  appear  to  be  a  bright  spot  at  the  centre. 


_- 

a- ^^— ^-^/ 

j^'^X  ll 

i 

!*         i     '^T 

:  ^v^^y 

-   ^4    ^t 

7  i  tx 

i    \la 

\A 

t:    ^    L 

Fio.  13. 


(B)  Bttftynd  the  Oritieai  Angle. 
Before  we  can  proceed  beyoad  the  critical  aDgle  it  will  be  neceaeary 
to  diecuea  briefly  tbe  leflectioD  and  refraction  of  the  "  surface  waves "  due 
to  total  reflection. 

y 


OlaSB. 


Aip. 
(1) 


Metal. 
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Suppoeing  light  to  be  due  to  displacements  in  a  rotational  ether,  we  have 
the  following  expreasione  for  the  kinetic  euergy  and  work  function  in  aii 
isotropic  medium : — 

Here  (2V  is  an  element  of  volume,  p  the  denrity,  fijf;  the  displacement 
ifgh)  =  l/ft'.c\u].(^l^,  Cj  the  velocity  of  light  in  free  ether,  fi,  a  constant 
which  represents  the  refractive  induz  in  the  case  of  a  transparent  medium. 
The  dynamical  equations  and  boundary  conditions  are  most  simply  obtained 

from  the  Principle  of  Action,  which  makes  2[(T— W)  (£f  =  0.    Thia  leads 

at  once  to  three  dynamical  equations  of  the  form  ^  =  ci'  (^~^)>  ''^^  shows 
that  the  boundary  conditions  are  satisfied  if  pci'(nff—mh),  pei'(lh—nf), 
pC'?{mf—lg)  are  continuous,  where  {Imn)  are  the  direction  coslnee  of  the 
outward  normal  to  the  bounding  surface.  The  displacement  (^S)  must 
also  be  continuous  to  avoid  rupture  of  the  materiaL  We  take  {f,g,h)  to 
represent  the  light  vector.  The  surface  of  separation  is  x  =  0,  the  plane 
of  ^  is  that  of  incidence,  so  that  everything  is  independent  of  z. 

Light  Poiariaed  Perpendicularly  to  the  Plane  of  Incidence. 
In  this  case  (/,  g,h)is  a  vector  parailel  to  the  plane  of  incidence,  no  that 
({,  17,  ^  is  at  right  angles  to  that  plane. 
Thus  {  =  0  =  ij. 
In  the  glass 

^  =  gi,[(^<«*^pMn*w-tj  (incident) 

+^je<pK-««-*+,.i»#)/v-o  (reflected). 
In  the  air 

f  =  iL  e<p((«+»-»#W-ii  (refracted), 

where  Y  is  the  velocity  of  light  in  the  glass.    The  amplitudes  of  the  three 
waves  are  in  the  ratio  1  :  |ri|  :  \si\. 
The  dynamical  equations  require  that  n"+sin*^/V'  =  1/Vi*.    Therefore 

n  =  + 1  v^Hn'^^TT/*'^' 
the  sign  of  the  radical  being  chosen  so  as  to  moke  (  diminish  as  x  mcreases. 
The  boundary  conditions  give 

^1  CM<p  fii  4i 
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From  these  we  get 

n  =  «■•>  (80  that  Ri  =  ] ). 

This  result  could  also  be  obtained  by  transforming  Freanel's  formula 
tan  (li  —  0') 
Ti  =  fj,(i/A-4-rt't  ^"^^^    ^     "    complex     and    given    hy   the    equation 

sin  0'  =  /*i  sin  ^    Moreover,  from  the  above  we  derive  d  =  2/ti  cos  ^le^i. 
In  exactly  the  same  way,  by  considering  a  wave  going  from  air  to  glass,  we 

2 
could  prove  that  r3=  — e""  and  Sj  =  —  —  sin  J^ie**<*i  ■•■'>.     Hence,  n  +  rj  =  0 

and  81S3  =  I  — n'  in  accordance  with  the  statement  on  p.  517. 
The  followii^  table  gives  the  values  of  0^  obtained  from  the  formula 


t,„»i_      <..Vsin'».-l/w' 
2  coa0 


as  0  increases  from  the  critical  angle : — 


♦• 

sr47'. 

38°  BC. 

88°  CS'. 

89°. 

sy  V. 

4Cf. 

-#,  .. 

0 

O'S*' 

irsi' 

22°  SI* 

29°  14' 

61°  le* 

♦- 

4F. 

W. 

ecp. 

70°. 

w. 

w. 

-•,  ... 

99"  as- 

130'  a*' 

!«•  iO- 

IBS'   8' 

109°  IS* 

180° 

To  determine  Its  and  0a  we  have  to  consider  a  wave  going  from  air  to 
metal.    In  the  air  we  have 

f  =  e*l(«+i'i«#yv-ij  (incident) 

+  r^H-«*,«n*)/v-<i  (refiected). 


In  the  metal. 


where 


f=£.8^*j[(««t>.i»«W-o  (refracted). 


f^ 


n  has  the  same  value  as  before,  and  to  satisfy  the  dynamical  equations  we 
must  have 

mH  sin^  0  =  V>/ Vo»  =  (^//*i)», 
Vg  being  the  velocity  of  propagation  in  th»  metaL 
Thus 
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!rhere  vill  be  two  distinct  cases  to  discuss.  For  metals  of  one  class  (such 
as  silver)  fijft-i  <  sin  ^,  so  tbat  m  is  imaginary.  For  metals  of  another  class 
(soch  as  steel)  /i„//*i  >  ain  0,  and  m  is  real 

We  shall  first  take  the  class  to  which  silver  belongs. 

In  this  case  „,^^^_^^__^ 

m=  t\/sin'^— Oto//*iy 

The  boundary  conditions  give 

l+r,  =  I'X  »»d  l-r,=  ^*  =  i  f  a, 

whence  Z**/?— 1 

This  leads  at  once  to 

W}±2      where    .  =  =^ito22? 

B]  is  greatest  when    M^/y  =  1,    in  which  case    a-  =  — coe  2«, 

Sfl  =  tan  cc  =  a//io,    and    t^n  ^s  is  infinite. 
These  formulee  lead  to  the  following  values  of  Ba  and  6t : — 

Silver.      . 


♦■ 

R,». 

B,. 

•»■ 

♦• 

IV. 

Rf 

«.- 

88    4V 

100 

1-00 

"o     0 

&      6 

1-88 

1-87 

1^8     11 

98    so 

18-6 

8-89 

9    89 

60      0 

1-er 

1-29 

178    83 

88    56 

«-e 

20-4 

90      0 

80     0 

1-58 

1-24 

17B    48 

89      0 

4S-8 

6-78 

174    88 

70     0 

I -48 

laa 

178    63 

40      0 

8-S2 

1-9S 

176    67 

8U     0 

1-46 

i-ai 

178    6S 

In  the  case  of  a  metal,  like  steel,  for  which  ^io//^t  >  1,  nt  is  real,  and  we  get 
m=  +  fii,/fti  cos  ^i  where  ^i  is  a  real  angle  determined  by  the  relation 
Bin  ^  =  /11//X0  sin  0  (so  that  ^i  is  less  than  <ft). 

Putting  

„'=   *  / W/'iy-s"^  -      /^//*i  •  cos  <h 

the  bouiulai7  conditiona  give 

l+rj=ff^»,   and    l-r,=  S^  il=  -ii'J? , 
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Bi  is  greatest  when 


r^^M'h'  +  i 

where     x  =:  —^ 

^j       2iMfMco82. 
"""  Qi'ly'y-l 


ThUgivM        E..=  l+J.    ,here     :c^^J^fi«^ 

1—x  (M77  r— 1 


=  1,    in  which  caae    »  =  sin  2ix,    B3  ^ 


_  1+taaa 


a+jio 


and  tan  $3  ia  infinite. 
From  these  results  we  derive  the  following  table : — 

Steel 


♦• 

v. 

B,. 

•^ 

&  4h 

1-00 

1-00 

'0   b 

89   0 

ai-B 

4-67 

Gl  21 

8S   9 

34-6 

6-87 

go  0 

40   0 

S-flT 

2-»4 

IG2  48 

U   0 

2-41 

1-66 

170  41 

GO   0 

1-91 

1-88 

178  28 

eo  0 

167 

1-26 

176  26 

70  0 

1-46 

1-20 

176  17 

80   0 

1-89 

1-18 

176  41 

1 

In  the  formula  on  p.  517  we  found 

j^   Ri'  +  Q'Ea='+2QEiBaC0s(ga+i;r-ft> 
l  +  Q='Ei»Ra»+2QR,R,c08(^s  +  y+5i) 

In  the  present  case  we  have  Ei  =  1,  •^  =  0, 
where,  as  before,  r  is  the  distance  from  the  centre. 


We  thus  have 


I-  1  +Q'Ra''+2QBaCQ8(g,-gi) 
l+Q*iJ3>+2QEacoa(5j  +  tfi)' 


The  numerator  is  the  square  of  the  resultant  of  two  vectors  1  and  QE3 
inclined  at  an  angle  63—61,  This  resultant  will  always  be  least  when 
63—61  =  V,  and  its  least  value  will  be  zero  if  1  =  QE».  Hence,  if  we  are 
seeking  for  places  of  absolute  blackness  we  must  take  6a— 61  —  tr  and 
1  =  QR3.  The  former  condition,  if  it  can  be  satisfied  at  all,  will  confine 
us  to  a  particular  angle  of  incidence  ^ ;  the  latter  will  tie  us  to  a  ring  of 
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definite  radius.  It  may  be,  however,  that  these  conditions  cannot  both  be 
satisfied,  but  there  may  still  be — at  different  angles  of  incidence — a  dark 
ring  where  the  intensity  I  is  a  minimum.  For  a  given  angle  of  incidence 
£3,  0»  and  $1  are  fixed,  so  that  to  find  the  dark  ring  we  have  to  differentiate 
I  with  respect  to  Q. 

In  this  way  we  learn  that  I  is  stationary  when  Q  =  I/R3.  This  makes 
I  g^rjTj  I  =  1  (see  p.  517),  so  that  the  fundamental  aeries  cease  to  converge ;  but 
although  we  cannot  thus  go  to  the  limit  when  Q  =  l/B^,  we  can  make  Q  as 
near  this  as  we  please.  The  corresponding  value  of  I  is  a  mimmum  if 
cos  (Si — f)i)  —  cos  (^1  +  ffi)  is  n^^tive,  which  is  always  the  case  since  I  cannot 
be  greater  than  unity. 
The  mioimam  value  of  X  is  ;'"'(.    The  accompanying  figure  14, 

1  +  cos  (Pi  +  0g) 

drawn  from  the  tables  on  pp.  635 — 536,  will  show  how  0\—6i  varies  in  the 
neighbourhood  of  the  polarising  angle. 
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FiQ.  14. 

It  will  be  at  once  obvious,  on  looking  at  the  figure,  that  the  variation  of  I 
is  very  much  more  rapid  in  the  case  of  silver  than  of  steeL  With  silver  the 
rise  of  $a  from  zero  to  180°  takes  place  almost  entirety  between  the  critical 
ai^^le  and  39°,  i.e.,  within  a  space  of  only  13'.  As  we  have  seen,  there 
is  absolute  blackness  when  63—61  =  180°  This  occurs  with  silver  when 
0  =  38°  59',  and  with  steel  when  0  =:  39°  29'. 

The  radine  of  the  dark  ring  is  obtained  from  the  formula 
1        1 


E3  = 


which  gives 


Q 


^.i^-Zun'^-l/m' 


log.Rtf' 


in-Vsin*^— l//ti» 
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From  this  we  get  the  following  values  for  the  radii  of  the  rings : — 

Silver. 


♦• 

ss"*;'. 

38=60'. 

Sr  66'. 

88°  69-. 

89°. 

^ 

3-68 

a -BO 

«-is 

s-se 

8-SS 

♦■ 

40?. 

46°. 

Mf. 

etf. 

70*. 

80". 

9 

0-86X 

0-891 

0-804 

0-888   1    0-2U 

0-1B9 

Steel 

♦- 

isfve. 

8(P. 

TSfV. 

89"  29-. 

40°. 

p 

1-96 

3-01 

1-88 

1  -48  ■           1-09 

♦■ 

IP. 

80». 

6(f. 

1(f. 

80P. 

0*466 

0-842 

0-24G 

0-206 

O'lSe 

Hg.  15  embodies  these  reeultB,  and  shows  in  a  gnphic  way  how  the  ring 
expands  and  contracts  as  the  angle  of  incidence  increases. 
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In  order  to  ehow  the  variation  dearlj,  it  is  necessary  to  represent  ^  on  a 
different  scale  between  the  critical  ai^le  and  40°  from  what  is  employed 
beyond  that.  The  crosses  x  in  the  ^ure  indicate  the  positions  of  the  abso< 
lately  black  ring.  It  will  be  obaerred  that  with  silver  the  ring  contracts 
vety  rapidly  after  the  black  ring  bas  been  reached,  and  that  the  contraction 
is  not  nearly  so  marked  in  the  case  of  ateel.  In  both  cases  the  contraction 
after  ^  =  45°  is  very  slow. 

The  colour  effects  will  be  similar  to  those  discossed  earlier  {ef.  p.  524).  For 
the  black  ring  the  value  of  p  obtained  above  is  2*36  in  the  case  of  silver  and 
1'46  with  steeL  If,  as  before,  we  take  these  to  correspond  to  the  line  Di  in 
the  spectrum,  then  for  the  lines  A  (red)  and  H  (violet)  we  shall  have 
p,  =  2-68,  />!  =  1-92  for  silver,  and  p,  =  1*66,  pK  =  119  for  steel 


We  have  merely  to  plot  the  intensity  for  different  colours,  as  is  done  in 
fig.  16  above,  to  see  that  the  black  ring  is  coloured  red  on  the  inside  and 
violet  on  the  outside.  The  intensi^  of  the  violet  on  the  outside  is  greater 
than  tliat  of  the  red  on  the  inside,  so  that  the  outside  colour  is  more  marked, 
as  Stokes  pointed  out. 

.    l+C08(gi-g,) 


The  minimum  value  of  I  is 


1  + COB  (ft +  5,)' 


Its  value  very  near  t^e  centra 


is  found  by  putting  Q  =  1,  and  so  getting 

T_l  +  Ra'+2EaC0a(gi— gj) 
1  + Rs* + 2E,  cos  (ft  +  g,)  ■ 

The  value  of  I  o^  the  centre  is  given  on  p.  622,    From  the  above  formula 
for  I  we  obtain  the  following  results : — 


VOL.  LXXTI. — A. 
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♦• 

I 

I  (new 

♦■ 

I 

I(lM«' 

(nUn.). 

centre). 

(mi^.). 

wmtre). 

&    4h 

1-000 

1-000 

h  ^ 

1-000 

1-000 

88    GO 

0-871 

0-980 

89      0 

0-881 

0-810 

SS    6S 

0-681 

0-974 

89      0 

0-S44 

0-722 

30      0 

0-884 

0-972 

40      0 

0-010 

0-606 

0-789 

0-a34 

0-759 

46      0 

0-94S 

0-960 

60      0 

0  876 

0-880 

0-972 

0-972 

60      0 

0-940 

O-9G0 

0-966 

0-986 

70      0 

0-976 

70     0 

0-9W 

0-998 

80      0 

0-980 

0-080 

fiO     0 

0-997 

0-9OT 

If  we  wish  to  compare  the  phenomoDa  in  the  case  of  lefiection  from  metal» 
with  that  from  glass,  we  have  (see  p.  525)  merely  to  put 

ra=  -ri=  -«».  =  ««'+».), 
which  gives  Ba  =  1  and  da  =  7r+  6\.    We  thus  get 


1= 


(l-Q)«+4QBin»(», 


In  this  case  there  are  no  rings,  but  there  is  a  dark  spot  at  the  centre.  The 
spot  is  absolntely  black  at  the  point  of  contact  where  Q  «  1.  The  intensity 
of  its  blackness  diminishes  rapidly  as  we  proceed  outwards,  as  is  illustrated 
in  figa.  17, 18,  and  19  below.  In  these  figures  the  ordinates  represent  the 
blackness  B  =  1— I  for  different  angles  of  incidence. 


"^ 

D              "t                                                                      |-> 

^ 

-                   \-                          -,'-■ 

t                          ^           % 

A      Z         ^;- 

^    ^    "-      \ 

.     ~-^9^          ^\ 

1    %-^S                ^5^ 

tL^imiiiiau.! 

Fig.  17  represents  the  state  of  affairs  when  ^  =  39°,  i.t.,  within  13'  of  the 
critical  angle.  Here  there  is  a  very  distinct  dark  ring.  The  ring  is  mnch 
more  marked  with  silver  than  with  steel,  partly  because  the  intensity  of  its 
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bUckness  is  twice  that  with  steel,  and  partly  because  the  darkneaa  near  the 
centre  is  much  smaller  with  Silver  than  with  ateel,  so  that  the  contrast 
between  the  ring  and  its  centi-e  is  increased. 


■N 

J    I 

Nl 

J    \-' 

;    / 

V 

\ 

'% 

1 

1 

\ 

' 

1 

/ 

\ 

"'fi 

X 

HV 

T 

/ 

\V 

1 

TV\ 

t.^ 

_j 

i?^3^ 

F^.  18  iUustrates  the  appearance  when  ^  has  increased  to  40°.  The  dark 
ring  with  steel  has  now  become  very  much  more  marked  than  formerly. 
Its  intensity  has  increased,  while  the  blackness  at  its  centre  has  diminished  ■ 
The  ring  with  silver  has  contracted  so  much  as  to  squeeze  out  its  bright 
centre  almost  completely,  so  that  it  now  presents  the  appearance  of  a  dark 
spot  at  the  centre,  larger  than  with  glass,  but  not  so  intense. 

When  ^  has  increased  to  45°  (fig.  19)  the  dark  ring  with  steel  has 
squeezed  out  the  bright  centre,  and  produced  a  dark  -central  spot  lai^r  than 
with  glass.  The  central  spot  with  aOver  has  become  so  faint  as  to  be 
scarcely  appreciable. 

A  glance  at  the  tables  on  p.  540  will  show  that  when  ^  is  60°  or  greater 
the  maximum  intensity  of  B  is  practically  the  same  as  that  at  the  centra 
There  will  thus  be  no  ring,  but  a  central  dark  spot,  so  faint,  however,  as  to  be 
barely  visible. 

Light  polarised  parallel  to  the  Plane  of  Incidenee. 
In  this  case  it  is  convenient  to  introduce  a  new  vector  (f ,  ij',  {T),  of  which 
(f,  ij,  f)  is  the  curL    Then  we  have 


f'  = 


-'£■    -.=  -'£.   ^=0: 


/=o,  ,=0,  *  =  ivr.  -*, 

To  determine  E]  and  di  we  must  consider  the  pass^  of  vibrations  from  ' 
glass  to  air. 

2f2 
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In  the  glass 

f  _gij.((«o<i.*+,rin*)/v-fl  (incident) 

+  r,6ip[(-.«*+r-»#W-q  (reflected). 
In  the  air 

f  =  s,e*[(«+i'-n+)/v-(]  (refracted), 

where  n  has  the  same  value  as  on  p.  633. 
The  boundary  conditions  give 

1  +  ri  =  si    and    l—ri  =  n/coa^.Si,^ 


"h«'^««  n  =  e».    where    ten  Jfl.  =  -i^^^^EHa'. 

Similarlj,  Bi  and  e»  will  be  determined  by  considering  the  passage  of 
vibrations  from  air  to  metaL 
In  the  air 

f  =  <pl(«+»-n#W-(i  (incident) 

+r^C(-«+»rt«*w-q  (reflected). 
In  the  metal 

r  =  0*/;(,)V«"**'*'*>^-'J  (refracted), 
where  m  has  the  same  value  as  on  p.  535. 
The  bonndary  conditions  give 

l  +  r3  =  ^,«,     and     1  _  j^  =  ™  «-,  «,, 

whence  __  1— to/b. 

*^~  1+m/n" 

In  the  case  of  a  metal  like  silver  m/n  is  real  and  equal  to  7,  so  that  we  get 

B^  =  Tj  =  -1=^ , 
T+1 

«***'  B.  =  r^    and    e,  =  w. 

7+1 

Since  03  =  x,  it  follows  that  coa  ($1  —  da)  =  coa  (^i  +  $a)  so  that  the 
numerator  and  denominator  in  the  expression  for  I  are  the  same.  Thus 
1=1  everywhere,  and  there  are  no  rings.  The  only  point  where  there  is 
any  darkness  is  wh^^  the  glass  and  metal  are  in  contact  The  intensity 
in  this  case  is  given  on  p.  530.  There  will  thus  be  a  small  daric  spot  at  the 
centre,  much  smaller  than  in  the  case  of  glass. 

For  metals,  like  steel,  for  which  m/n  is  not  real,  we  have 

m/n  =  —iff'    and    r»  —  = — r^, ; 
1-17 


Ej  =  1    and    tan  J5j  =  7'. 
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Putting  El  =  IC9  =  1  in  the  formula  for  I  we  get 
,  ^  l  +  Q'+2Qco8(g,-gi) 

l+Q'-t-2Q0O8(53  +  ftj- 

This  is  a  Tninimnm  when  Q  =  1,  t^  at  the  centre,  and  its  value  there  is 
l  +  coB(gj-gO      There  will  be  absolute  blackness  at    the  centre  when 

J+C08(Pi  +  fli) 

The  following  table  gives  the  values  of  9\,  63  and  the  minimnni  intensity 
for  different  values  of  0 : — 


♦• 

-».. 

h- 

I  (min.). 

&    4V 

°0      0 

180      0 

OiMO 

39      0 

%    68 

174    68 

40      0 

21    30 

167    68 

46      0 

49    48 

162    24 

0-096 

00      0 

fle    62 

142    M 

0-116 

eo    0 

100    12 

128    24 

0-180 

70     0 

137    66 

118    40 

0-308 

80      0 

164    18 

112    48 

o-se8 

With  glasa  we  have 


"(l-Q)'+4QBin»ft" 


so  that  there  is  absolute  blackneea  at  the  centre.  The  following  table 
enables  us  to  compare  the  intensity  with  glass  and  steel  at  different  distances 
from  the  centre : — 


f- 

0. 

0-6. 

I. 

2. 

1-000 
0-080 
0-000 

I-OOO 
0  180 
0-000 

0-697 
0-404 
0-839 

0-891 
0-846 
0  197 

0  137 
0-962 
0-919 

0-023 
0-981 
0-914 

0-00026 
0-9997 
0-9907 

lO-'xS 

1-000 

1-000 

-«'{;»■::: 

-"•iiiSl'r;: 

These  results  are  represented  graphically  in  fig.  20,  from  which  it  appears 
that  there  is  little  difference  between  the  phenomena  with  steel  and  glass. 
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It  would  seem*  then,  that  all  the  remarkaUe  pbeaomena  of  Newton's 
riDgs  formed  hj  metallio  lefleotion,  to  which  Stokes  drew  attention,  are  in 
accordance  with  the  known  principles  of  metallic  reflection,  witiiout  requiring 
the  introduction  of  effects  of  gradual  traimitioa  between  the  media. 
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On  the  Laws  of  Radiation, 

By  J.  H.  JiANS,  M.A.,  Fellow  of  Trinity  College,  Cambridge,  Profeaaor  of 

Applied  Mathematics  la  the  University  of  Princeton. 

(Communicated  by  Profeesor  J.  Larmor,  Sec.  B.S.    Beceived  October  11, — 

Bead  November  16,  1906.) 

1.  An  attempt  to  obtain  the  law  of  partition  of  the  radiation  proceedii^ 
&om  a  radiating  body  calls  at  the  oatset  for  a  consideration  of  the  partition 
of  energy  between  the  matter  of  which  the  radiating  body  is  composed,  and 
the  ether  by  which  it  is  surrounded.  This  question  has  been  disoossed  by 
Lord  Kayleigb*  and  by  the  present  anthor.t  Assuming  that  the  ultimate 
state  of  equilibrium  between  the  energies  of  matter  and  ether  has  been 
reached,  the  theorem  of  equipartition  of  energy  enables  ua  to  determine  the 
amount  not  only  of  the  total  energy  of  the  ether,  bat  also  of  the  energy  of 
each  wave-length.  It  is  found  that  at  a  temperature  T,  the  enei^  per  unit 
volume  of  radiation  consisting  of  waves  of  wave-lengths  between  \  and 
X-|-(2X,  is 

8irKT\-yx,. 

It  is  obvious  that  this  law,  according  to  which  the  energy  tends  to  run 
entirely  into  waves  of  infinitesimal  wave-length,  cannot  be  the  tme  law 
of  partition  of  the  radiant  energy  which  actually  occurs  in  nature.  l%e 
law  is  obtained  from  the  supposition  that  a  state  of  statistical  equilibrium 
has  been  arrived  at  between  the  energies  of  different  wave-lengths  and  that 
of  matter;  the  inference  to  be  drawn  from  the  failure  of  this  law  to 
represent  natural  radiation  is  that  in  natural  radiation  such  a  state  of 
equilibrium  does  not  obtain.  An  analogous  situation  presents  itself  in  the 
theory  of  gases.  According  to  the  theorem  of  equipartition  of  energy,  the 
energy  of  a  gas  will  ultimately  be  almost  entirely  absorbed  by  the  modes 
of  internal  vibration  of  its  molecnles,  whereas  it  is  known  that  in  nature 
only  a  very  small  fraction  of  the  enei^  is  possessed  by  these  internal 
vibrations.  Thus  we  are  led  to  suppose  that  there  is  not  a  state  of 
equilibrium  between  the  internal  vibrations  of  the  molecules  and  their 
enei^  of  translation ;  we  find  that  the  transfer  of  energy  from  the  trans- 
lational  to  the  vibrational  degrees  of  freedom  is  so  slow  that  the  latter 
degrees  never  acquire  their  full  share  of  enei^,  as  given  hy  the  theorem 

*  "  On  the  DToamical  Theory  of  Gaaea  and  Badiation,"  ■  Nature,'  iSxj  18,  Jnlf  13, 

laoft. 

t  "On  the  Fartition  of  Energy  between  Uatter  and  Ether,"  'HiiL  Ifag.'  [6],  voL  10, 
p.  97. 
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of  eqnipaitition,  the  energy  of  these  vibiatioiiH  beii^;  dissipated  away  as 
rapidly  as  it  is  received  from  the  translational  energy  of  the  moleciiles. 
A  similar  explanation  si^^ets  itself  in  the  cose  of  the  partition  of  radiant 
energy.  In  the  present  paper  an  attempt  is  made  to  show  that  snch  an 
explanation  is  in  accordance  with  the  observed  facts.  The  radiant  energy 
acquired  by  the  ether,  whether  of  small  or  of  great  wave-length,  is  reaheorbed 
by  other  bodies  or  is  radiated  away  into  space,  in  such  a  way  that  the 
partition  of  the  enei^  actually  present  in  the  ether  &t  any  instant  is 
entirely  difTerent  from  that  predicted  by  the  law  of  eqoipartition. 

On  this  view,  the  true  laws  of  radiation  can  be  obtained  only  throagh  a 
study  of  the  processes  of  transfer  of  energy  from  matter  to  ether.  This 
in  turn  demands  the  use  of  hypotheses  or  assumptions  as  to  the  structure 
of  matter  and  the  mechanism  by  which  radiation  is  produced.  The  view  of 
the  genesis  of  radiation  which  will  be  taken  in  the  present  paper  is  one 
which  has  already  been  put  forward  and  developed  to  a  considerable  extent 
by  Lorentz.* 

2.  The  radiation  from  all  solid  bodies  shows  the  same  general 
characteristics,  and  according  to  this  view,  the  common  basis  of  these 
characteristics  is  the  presence  of  free  electrons  in  the  source  of  radiation. 
As  the  electrons  describe  curved  paths,  they  yield  up  energy  to  the  ether, 
and  the  part  of  this  energy  which  escapes  reabsorption  by  matter  figures 
as  the  energy  of  radiation  represent-ed  in  the  continuous  spectrum  of  a  sohd. 

In  addition  to  free  electrons,  there  will  also  be  present  in  the  radiator  a 
number  of  atoms,  these  also  being  chained  with  electricity.  The  atoms  and 
complete  molecules  of  the  solid  must  be  supposed  to  be  so  closely  packed 
that  there  is  not  room  for  them  b>  move  past  one  another.  Thus  these  bodies 
merely  oscillate  about  their  positions  of  equilibrium,  while  the  electrons  thread 
their  way  through  the  interstices.  No  matter  what  forces  are  at  work 
between  the  electrons  and  the  lai^r  masses,  or  how  closely  the  latter  are 
packed,  the  law  of  distribution  of  velocities  of  the  molecules,  of  the  atoms, 
and  of  the  electrons,  will  be  Maxwell's  law.!  From  this  law,  it  follows  that 
the  velocities  of  the  atoms  and  molecules  will,  on  acconnt  of  their  greater 
mass,  be  very  much  smaller  on  the  average  than  the  velocities  of  the  free 
electrons.  Thus  the  atoms  or  molecules  may,  with  considerable  doseueae  of 
approximation,  be  r^arded  simply  as  fixed  obstacles,  against  which  the 
electrons  impinge.  The  emitted  radiation  being  regarded  as  the  result  solely 
of  the  motion  of  electric  charges,  it  follows  that  the  slow  motion  of  complete 

*  "  On  the  EmuBum  and  Abaorption  b7  Metals  of  Bays  of  Great  Wave-letigth,"  Alud. 
van  Wetenachappen,  Amsterdam,  April  24, 1903. 
t  Of.  the  author's  "  DTnamical  Theory  of  Gases,''  g  86. 
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atoms  or  moleculos  will  contribute  but  little  to  the  total  radiation,  this 
radiatioD  proceeding  almost  entirely  from  the  more  rapid  motions  of  the  free 
electrons  as  they  thread  their  way  through  the  solid. 

As  the  electrons  move,  that  part  of  their  energy  which  is  yielded  up  to  the 
ether,  assomes  the  form  of  radiant  enei^,  and  travels  through  the  ether  in  all 
directions  with  a  uniform  veloci^  V,  the  velocity  of  l^ht,  except  in  so  far  as 
this  radiant  enei^  is  obstructed  or  reabsorbed  by  matter.  Let  ns  sappose 
the  boundary  of  the  radiator  to  he  a  semi-infinite  plane.  Then  if  x  is  a 
coefficient  of  extinction,  the  enei^  generated  at  a  point  distant  r  from  some 
specified  small  area  on  the  boundary,  will,  by  the  time  it  crosses  the  boundary 
through  this  small  area,  be  reduced  in  the  ratio  e-".  Supposing  energy  to 
be  yielded  ap  to  the  ether  at  a  uniform  rate  O  per  unit  volume  per  unit  time 
throughout  the  radiator,  the  stream  of  energy  crossing  unit  area  of  the 
boundary 

a  definite  finite  quantity.  The  contribution  to  the  total  stream  of  radiation 
from  lai^  values  of  r  is  infinitesimal,  so  that  we  may  regard  the  stream  of 
enei^  which  crosses  the  boundary  at  any  point  as  proceedu^  only  from 
those  parts  of  the  radiator  which  are  In  the  immediate  neighbourhood  of  the 
point  Thus  the  shape  and  size  of  the  radiator  do  not  influence  the  stream 
of  radiation  issuing  from  a  point  on  its  surface  ;  it  is  only  the  structure  of  the 
surface-layers  at  the  point  which  is  of  importance. 

3.  Let  ns  suppose  that  at  any  point  of  the  surface  the  energy  of  the  issuing 
radiation,  of  which  the  wave-length  hes  between  X  and  X  -f  <^  is 

^{>.T)dK  (i) 

per  unit  volume,  T  being  the  temperature  of  the  radiator.  Our  problem  is 
to  discuss  Uie  form  of  the  function  ^ 

Li  addition  to  depending  on  X  and  T,  the  function  ^  will  involve  the 
following  quantities ; — 
V,  the  velocity  of  light ; 
«,  the  obai^  of  an  electron ; 
■m,  the  mass  of  an  electron ; 
B,  the  constant  of  the  theory  of  gases,  this   being  such  that  the  mean 

kinetic  energy  of  an  electron  is  -^RT ; 
K,  the  inductive  capacity  of  the  ether,  measured  in  whatever  units  are  in 

use; 
^>  ^3,  is,  ■  >  -,  quantities  specifying  the  structure  of  the  radiating  solid,  t.g., 
the  number  of  free  electrons  per  unit  volume,  the  shape,  size,  mass, 
etc.,  of  the  atoms  and  molecules. 
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Thus  the  law  of  radiaticm  can  be  expressed  more  completely  hj 

<f,{X,'r,Y,e,m,S.,K,ki,k^...)dK.  (ii) 

By  sulviog  the  equations 

M*^""'    ^  f *^ "  °' "°"        *"■* 

we  obtain  the  values  of  h,  ii..-for  which  the  function  \^\  possesses  its 
maximum  value.  We  therefore  obtain  a  knowledge  of  the  properties  of  the 
solid  body,  which  is  such  that  the  total  radiation  at  a  given  tempeiatuie 
13  a  maximmn.  Let  us  refer  to  this  body  as  the  "radiator  of  maximum 
efficiency  "  for  the  temperature  in  question,  and  let  ns  denote  the  value  of  if> 
for  this  "  radiator  of  maximum  efficiency  "  by  ^.  If  we  eliminate  Ai,  i»... 
from  equations  (ii)  and  (iii)  we  obtain  ^  as  a  function  of 

\  T,  V,  e,  m,  E,  and  K.  (iv) 

4.  In  terms  of  the  units,  L  of  length,  M  of  mass,  i  of  time,  K  of  inductive 
capacity,  and  T  of  degrees  of  temperature,  the  physical  dimensions  of  these 
seven  quantities  are  as  follows : — 

\  is  of  dimensions L 

T  „  T 

V  „  Lf-i 

e  , L'M'r>K» 

m  „  M 

E  LMri-' 

K  „  K 

Here  are  seven  quantitiee  and  five  independent  physical  units.  It  must, 
bherefore,  be  possible  to  combine  the  seven  quantities  in  two  independent 
ways  so  as  to  form  a  mere  number.  We  may  take  aa  two  independent 
expressions  formed  from  these  seven  quantities,  ao  as  to  have  the  dimensions 
of  a  number, 

ci  =  ETm-'V-",  c,  =  \RTKe-K 

Any  other  pure  number  which  can  be  formed  from  these  seven  qoantities 
must  be  of  the  form/(ci,  ct). 

The  physical  dimensions  of  the  function  ^  are  those  of  energy  per  unit 
volume  per  unit  wave-length,  hence  0i,  is  of  dimensiona  L''*Mf~'.  These 
dimensions  are  those  of  \~*ET.  The  ratio  of  ^  to  this  quantity  is,  therefore, 
a  pure  number,  and  bom  this  it  follows  that  it  must  be  possible  to  express 
^  in  the  form 

^  =  X-*ET/(ci.c).  (v) 


d  by  Google 


1905.]  On  the  Laws  o/Eadiatwn.  549 

5.  Then  is  im  obvious  physical  iDterpratation  of  the  number  «i.  The 
mean  kinetic  energy  of  a  free  electron  at  temperature  T  is  {RT,  so  that  the 
value  of  C,  the  mean  square  of  its  velocity,  is  ^^Tm~\  Thus  j«i  ia  equal 
to  C'/V*.  At  a  temperature  of  100°  C,  the  value  of  C  is  7  x  10*  cm.  per 
second*  while  the  value  of  V  is  3 x  10^".  The  value  of  ci  is  accordingly 
3-6  X 10"*,  a  quantity  sufficiently  small  to  be  n^lected.  On  passing  to  the 
limit  in  which  ci  is  put  equal  to  zero,  the  function  f(ci,  cj)  either  may  or 
may  not  tend  to  a  definite  limit  /(O,  cj).  For  the  present  we  shall  assume 
such  a  limit  to  exist,  without  entering  upon  a  discussion  of  the  exact 
meaning  of  this  assumption. 

6.  On  this  assumption,  since  the  actual  value  of  Ci  is  very  small,  we  find 
that  ^  may  very  approximately  be  expressed  in  the  form 

^  =  X-*HT/(c); 
or,  replacing  ci  by  its  value  and  dropping  the  universal  constants  B,  T,  K 
and  e, 

4^  =  X-ill/'CXT). 
Thus  the  law  of  radiation  from  the  radiator  of  imtrimnTn  efficiency  for 
temperature  T  and  wave-length  \  is 

X-«T/(3iT)dX. 

7.  The  radiator  of  maximum  efficiency  has  been  defined  so  as  to  have 
refereDce  to  a  given  temperatutc.  It  is  a  purely  ideal  body,  and  there  is  no 
evidence  given  as  yet  whether  or  not  its  properties  can  be  obtained  even 
approximately  from  actual  matter.  The  values  of  Ai,  k,,  ...  given  by 
equations  (iii)  are  functions  of  T,  so  that  even  if  a  natural  body  approximates 
closely  to  the  radiator  of  maximum  effideocy  at  a  given  temperature,  it 
cannot  be  expected  to  do  so  at  all  temperatures.  At  the  same  time  it  ia 
possible  for  us  to  imagine  a  purely  ideal  radiator  which  shall  possess  the 
property  of  beii^  the  radiator  of  maximum  efficiency  at  all  temperatures, 
the  properties  of  this  body  changing  in  such  a  way  that  equations  (iii)  are 
satisfied  at  all  temperatures.  Let  us  agree  for  the  present  to  speak  of  such  a 
body  as  a  "  perfect  radiator." 

8.  The  taw  of  radiation  for  a  perfect  radiator  has  been  seen  to  be 

X-*Ty(\T)rfX.  (vi) 

On  integrating  with  respect  to  \,  we  obtain  at  once  that  the  total  radiation 

is  of  the  form  (tT*,  where  o- =  1    x~*/(x)dx.    This  is  the  expression  of 

Jo 
Stefan's  law.      Let  the  wave-lei^h  at  which  the  energy  per  unit  wave- 

Cf.  "The  Djiuunical  Tbeot;  of  Oama,"  p.  S09. 
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length,  i.e.,  the  coefficient  of  dK  in  expression  (vi),  is  a  maximum,  be  denoted 
by  \aa ',  then  we  find  at  onre  that  XmuT  is  a  loot  of 


so  that  we  have  the  relation 


OX 


X_„T  =  a,  (vii) 

where  a  ia  a  constant.  This  k  the  mathematical  expression  of  Wien's  dia- 
placement-law.  Thus  we  see  that  the  two  laws,  which  are  usually  obtained 
by  theimodynamical  arguments,  can  be  obtained  simply  hy  an  argument 
from  physical  dimensions,  coupled  with  the  hyjwthesis  that  t^ie  source  of 
radiation  is  the  motion  of  electrical  charges. 

9.  The  argument  from  physical  dimensionB  can,  however,  be  used  in  a 
second  way :  we  can  obtain  by  its  help  a  rough  numerical  estimate  of  some 
of  the  quantities  concerned.  For  instance  the  constant  o-  of  Stefan's  law  is 
a  function  only  of  V,  e,  m,  E  and  K,  and  is  of  dimensions  lr''Ht~T~*. 
Kow  the  only  way  in  which  the  quantities  Y,  e,  m,  K,  and  K  can  be 
combined  bo  as  to  form  a  quantity  of  the  dimensions  of  <r  is  through  an 
expression  of  the  form  e~'R*K^  Hence,  by  using  an  ar^ment  which  I  have 
explained  in  another  place  *  it  can  be  shown  that  o-  must  be  equal,  as  regards 
order  of  magnitude,  to  e~*R*K*. 

Similarly  it  can  be  shown  that  the  constant  a  of  Wien's  law  must  be 
equal,  as  regards  order  of  magnitude,  to  e^~'K~'. 

The  values  of  ir  and  a  have  been  obtained  experimeutally.f  In  C.G.S. 
centigrade  units,  the  value  of  o-  obtained  from  Kurlbaum's  experiments  is 
5'32  X  10~*,  while  the  value  of  a  obtained  by  Lummer  and  Pringsheim  is  0*294. 
Let  us  use  these  values  in  conjunction  with  the  approximate  theoretical 
values  already  obtained,  to  deduce  the  value  of  e,  the  cbai^  on  the  particles 
by  which  radiation  is  generated.  On  taking  the  valued  R  =  9'3  x  10~"  we 
find  from  the  approximate  equality 

e-«E*K»  =  5-32  x  lO"', 
the  value 

cK-*=l-8xlO-'«, 

while  from  the  second  relation, 

e^R-'K-'  =  0-294, 

*  "Od  the  VibratioiiB  and  Stability  of  a  Gravitating  Planet,'"  Phil.  Tran&.'A,  voLSOl, 
p.  158. 

t  An  account  of  experimental  determiaationB  a!  these  constants  is  given  by  Lummer, 
'Congrda  de  Phjeique,  Paris  (1901)  EapportB,'  vol.  2,  pp.  98—96. 

I  Cf.  the  author's  '  Dynamical  Theory  of  Quea,'  p.  113. 
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we  obtaia  eK~*  =  51  x  10"'*.  The  value  ot  eK"*  obtained  experimentally  *  is 
3  X  10~"^.  The  difference  between  this  and  the  values  obtained  above  is  not 
greater  than  may  fairly  be  ascribed  to  the  roughness  of  the  method  used. 
For  example,  the  calculations  would  have  been  the  same  if  e  had  been 
measured  in  "  rational "  electric  units  instead  of  those  in  common  use,  but  we 
should  then  have  had  an  experimental  value  equal  to  4?ir  times  that  mentioned 
above,  say  «K~i  =  38  x  10'"*.  The  comparative  agreement  between  the 
theoretically  predicted  value  and  the  true  value  must,  therefore,  be  r^rded 
as  evidence  that  we  are  on  the  right  track  in  attempting  to  obtain  the  laws  of 
radiation  from  the  suppceition  that  the  radiation  proceeds  from  the  motion  of 
electrons. 

10.  On  this  supposition,  the  law  of  radiation  for  waves  of  great  wave- 
length has  been  determined  by  Lorentz.  His  analysis  rests  upon  the  assump- 
tion, which  we  have  already  made,  that  the  velocity  of  the  electrons  is  small 
compared  with  that  of  light,  and  be  makes  the  further  assumption  that  the 
motion  of  the  electrons  may  be  regarded  as  a  series  of  free  paths  separated  by 
instantaneous  collisions.  On  these  assumptions,  he  obtains  as  the  emission 
from  a  radiator 

&irAS.T\-*dK,  (viii) 

where  A  is  the  coefKcient  of  absorption,  as  determined  by  Drude's  theory.f 
The  second  assumption,  that  of  undisturbed  free  paths  and  instantaneous 
collieions,  although  doubtless  reproducing  in  the  main  the  essential  physical 
properties  of  the  motion,  will  not  necessarily  lead  to  results  which  are 
numerically  exact.  It  may  be  found  that  the  results  obtained  require  to  be 
modified  by  the  introduction  of  a  numerical  multiplier,  just  as  Clausius' 
formula  for  the  mean  free  path  in  a  gas  requires  to  he  multiplied  by  a 
numerical  factor  to  allow  for  the  varying  velocities  of  the  individual 
molecules.  We  may,  however,  infer  from  Lorentz's  analysis  that  the 
radiation,  for  great  values  of  X,  is  accurately  proportional  to  T\~*rfX. 

We  can  also  obtain  some  idea  of  the  form  assumed  by  the  law  of  radiation 
when  \  is  very  sm^.  The  rate  at  which  radiation  of  short  wave-length  \  is 
produced  by  collisions  of  electrons  will  contain  as  its  most  important  feature 
a  factor  of  the  form  e"",  where  »  is  a  large  number,  comparable  with  the  ratio 
of  the  average  duration  of  a  collision  to  the  period  of  vibration  X/V.J  Thus 
the  radiation  when  X  is  very  small  will  vanish  in  the  same  way  as  the 
exponential  e-'^'*  where  t  is  comparable  with  the  duration  of  a  collision. 

*  J.  J.  ThomMD,  <  Phil  Mag.'  [6],  toL  Q,  p.  Sas. 
t  Drude's '  AmuJen,'  toL  1,  p.  576. 

{  Cf.  "  Oa  the  Applicaitioii  of  Statirticftl  MechanicB  to  tbe  GcDeral  Dynamics  of  Matter 
aod  Ether,"  'Boy.  Soc  Proc,"  voL  76,  p.  296,  §  13. 
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On  comparison  witb  the  fonn  of  the  general  law  of  radiation,  as  given  by 
expression  (vi),  it  is  seen  that  this  factor  must  he  of  the  form  e~'^^,  and  it  is 
worthy  of  notice  that  every  empirical  law  of  radiation  reduces  when  X  is 
very  small  to  a  form  in  which  a  factor  of  this  type  is  the  factor  of 
preponderating  importance. 

11.  To  summarise  the  information  which  has  been  obtained,  we  may  say 
that:— 

(1)  The  law  of  radiation  from  a  perfect  radiator  is  of  the  form 

so  that  Stefan's  law  and  Wien's  displacement  law  are  accurately  obeyed  by 
the  radiation  from  this  ideal  radiator. 

(2)  For  large  values  of  XT,  the  form  of  the  function/(XT)  approximates  to 
a  constant,  a  result  due  to  Lorentz. 

(3)  For  small  values  of  XT,  the  form  of  the  function /(XT)  is  such  that  it 
decreases  very  rapidly  as  X  decreases,  finally  vanishing  in  the  same  way  as  the 
function  e~'''^. 

A  discussion  of  the  relation  between  the  radiation  from  oar  ideal  "  perfect 
radiator "  and  that  from  actual  bodies,  may  appropriately  be  reserved  for  a 
later  paper. 
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ITie  Transit  of  Ions  in  the  Electric  Arc 
By  A.  A.  Campbell  Swinton. 

(ComiiiniiioBted  by  the  Hon.  C.  A.  Parsons,  C.B.,  F.B.S.    Beceived  October  24,~ 
Bead  November  16,  1906.) 

According  to  the  moat  modem  view,  as  enanciated  by  Professor  J.  J, 
Thomaon  in  one  of  his  recent  works,*  the  pbenomeDon  known  as  tbe  Electric 
Arc  is  explained  on  the  assumption  that  the  positive  ajid  negative  electrodes 
emit  respectively  positively  and  n^;atively  electrified  corpuscles  or  ions, 
which,  under  the  influence  of  electric  repulsion,  travel  across  the  space 
occupied  by  the  arc  and  bombard  the  electrode  opposite  to  the  one  from 
which  they  have  been  emitted.  It  is  further  supposed  th*at  Uie  electric 
current  is  itself  conveyed  by  these  ions,  and  that  the  h%h  tempeiatnie  of  the 
electrodes  is  produced  by  their  bombardment. 

About  a  year  ago  it  occurred  to  the  writer  that  it  should  be  possible  to  test 
the  correctness  of,  at  any  rate,  some  portion  of  this  theory  by  deflecting — by 
means  of  a  magnet — either  the  positive  or  the  n^ative  ions  into  a  Faraday 
cylinder  placed  with  its  aperture  just  touching  tbe  centre  of  the  arc,  in 
a  manner  somewhat  similar  to  that  adopted  by  Penin,t  for  demonstrating 
the  electric  charge  carried  by  cathode  rays.  The  experiment  was  tried, 
but  it  was  found  that  no  definite  results  could  be  obtained,  owing  to  the 
erratic  behaviour  of  the  arc,  which  proved  very  unmanageable,  and  preferred 
to  divide  itself  into  two  arcs  between  the  carbon  electrodes  and  the  exterior 
of  tbe  Faraday  cylinder,  which  was  rapidly  destroyed  by  fusion. 

More  recently  the  writer  has  made  the  experiment  again  in  a  somewhat 
modified  form,  and  has  obtained  results  which  appear  to  prove  conclusively 
that  the  theory,  as  above  described,  is  correct,  and  that  positively  and 
negatively  charged  carriers  do  actually  travel  from  the  positive  and  negative 
electrodes  respectively  along  the  arc  in  opposite  directiona,  and  do  bombard 
the  opposite  electrodes. 

The  apparatus  is  shown  in  section  in  fig.  1,  in  which  "  A  "  and  "  B "  are 
two  electrodes  of  ordinary  arc-lamp  carbon.  The  upper  electrode, "  A,"  is 
fixed  rigidly  in  one  end  of  the  fixed  brass  tube,  "C,"  while  the  lower 
electrode,  "  B,"  is  held  in  a  similar  tube  having  a  eliding  arrangement  at 
"D,"  whereby  it  can  be  slightly  moved  so  as  to  bring  tbe  carbons  into 
contact  for  die  purpose  of  strildng  the  arc 

*  'Conduction  <£  Electricity  throngb  Gases,'  1903. 
t  'CotnptuBendos,>voLlSl,p.  1130, 1896. 
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A  email  hole  ia  pierced  axially  through  the  upper  electrode,  aad 
immediately  behind  this  aperture  is  fixed  the  insulated  Faraday  cylinder, 
"£,"  which  has  its  aperture  in  line  with,  and  facing,  the  aperture  in  the 
electrode.    By  means  of  an  insulated  brass  rod,  "  F "  and  the  oonductois. 


"0-"  and  "H,"  any  difference  of  potential  between  the  Faraday  cylinder 
and  the  upper  electrode — which,  with  the  brass  tube,  "  C,"  completely 
encloses  the  cylinder — can  be  measured  by  means  of  the  mirror  galvanometer, 
"  J."  Fig.  2  shows  an  enlarged  section  of  the  Faraday  cylinder  and  the 
pierced  electrode. 
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Cmrent  for  the  experimenta  was  obtaiDed  from  the  20O-volt  coutinuouB- 
cnnent  public  supply,  resistaacee  being  inserted  ia  the  circuit  so  as  to  keep 
the  current  down  to  about  3  amperes  with  some  50  volts  across  the  arc. 

The  first  experiments  were  made  with  the  apparatus  in  air  at  ordinary 
atmoepheric  pressure.  Under  these  conditions  no  resulte  were  obtained. 
Having  regard  to  the  small  velocity  that  the  ions  could  have  under  the 
comparatively  small  potential  difference  across  the  arc,  the  considerable 
distance  the  ions  would  have  to  travel  in  order  to  enter  the  Faraday 
cylinder,  and  the  density  of  the  air  at  ordinary  atmospheric  pressure,  this 
was  to  be  expected.* 

The  apparatns  was  next  enclosed  in  the  glass  tube,  "  E,"  with  rubber 
stoppers,  "  L,"  at  the  ends,  the  moving  parts  being  rendered  air-tight  by  the 
robber  tubes,  "  M."  By  means  of  the  tube,  "  N,"  the  whole  was  connected 
to  a  mechanical  air-pump  capable  of  giving  moderate  degrees  of  vacuum. 

With  a  very  small  degree  of  exhaustion — about  half  an  atmosphere — 
it  was  found  that  if  "  A "  were  made  the  positive  and  "  B "  the  negative 
electrode,  immediately  the  arc  was  started  a  positive  electric  current,  passing 
from  "  A "  to  the  Faraday  cylinder,  and  showing  that  the  latter  had  become 
ne^tively  charged,  was  indicated  by  the  galvanometer. 

As  the  exhaustion  proceeded,  this  current  was  found  to  increase,  and 
at  a  still  moderate  degree  of  exhaustion,  ou  reversing  the  current  in  the 
are,  and  making  "  A  "  negative  and  "  B  "  positive,  it  was  found  that  the 
positive  current,  through  the  galvanometer,  passed  from  the  Faraday  cylinder 
to  "  A,"  showing  that  the  cylinder  was  poeitively  charged. 

In  each  ease  these  results  were  obtained  with  decrees  of  exhaustion  at 
which  the  arc  still  retained  its  normal  characteristics,  while  the  fact  that 
the  effects  were  only  produced  when  the  arc  played  on  the  upper  electrode 
so  as  to  cover  the  aperture,  no  deflection  of  the  galvanometer  taking  place 
when  the  arc  was  deflected  by  means  of  a  magnet,  so  as  not  to  cover  the 
aperture,  showed  very  clearly  that  the  electrification  of  the  Faraday  cylinder 
was  due  to  ions  passing  from  the  arc  through  the  aperture.  This  was  also 
proved  by  pli^^ng  the  aperture  in  the  electrode  with  a  small  piece  of 
carbon.  When  bo  plugged,  no  deflection  of  the  galvanometer  could  be 
obtained. 

Whether  the  electrode  "  B  "  were  made  positive  or  negative,  it  was  found 
that  the  galvanometer  deflections  increased  considerably  with  the  d^i'ee 
of  exhaustion,  while,  at  any  given  d^ree  of  exhaustion. 


*  Since  this  paper  was  commiiuicated  the  writer  has  succeeded,  by  eropl^jing  larger 
area  of  from  10  to  12  amperes,  and  bj'  alightly  enlaif^Dg  the  aperture  in  the  upper 
electrode,  to  obtain  all  the  resolta  described  in  air  at  ordinary  atmoepberic  pressure. 
VOL.  LXXVL— A.  2  Q 
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lat^r  deflection  was  obtained  when  "  B  "  was  made  negative  thau  when  it 
was  made  positive.  These  reaulta  correspond  with  the  known  fact  that 
n^ative  ions  have  a  greater  velocity  than  poaitive  ions. 

As  was  to  be  expected,  hanng  regard  to  the  unstable  nature  of  the  arc, 
the  galvanometer  deflections  were  not  very  steady.  They  were,  however, 
invariably  in  the  directions  indicated,  according  as  the  polarity  of  the 
electrodes  was  transposed,  and  endored  as  long  as  the  arc  covered  the 
aperture  in  the  upper  electrode. 

The  writer  is  indebted  to  Mr.  J.  C.  M.  Stanton  and  Hr.  R.  C.  Pierce  for 
their  skilful  assistance  in  carrying  out  the  above  ezperimenta 


The  Accurate  Measurement  of  Ionic  Velocities. 
By  R.  B.  Denisom,  M:.Sc,  PLC,  and  B.  D.  Stmlb,  D.Sc. 

(Communicated  by  Sir  William  Ramsay,  K.C.B.,  F.R.S.    Received  October  U,— 
Read  November  16,  1906.) 

(Abstract.) 

The  value  of  the  direct  method  of  measuring  ionic  velodties  has  been 
seriously  diminished  in  the  past  by  the  necessity  of  using  gelatine  solutions 
in  the  measuring  apparatus,  and  by  the  restriction  of  the  method  to  more 
concentrated  solutions. 

The  authors  have  succeeded  in  devising  an  apparatus  in  which  it  is  possible 
to  compare  and  measure  the  velocities  of  the  ions  of  a  given  salt  without 
using  gelatine  or  other  partitions  during  the  actual  experiment;  and  they 
have  also  succeeded  in  extending  the  method  to  the  measurement  of  dilute 
solutions. 

The  apparatus  consists  of  two  reservoirs,  each  supplied  with  a  special 
electrode  vessel,  and  of  a  measuring-tube  of  known  cross-section,  in  which  the 
solution  to  be  measured  is  placed.  One  of  the  reservoirs  contains  a  solution 
of  a  salt  which  has  a  slower  cation  than  that  to  be  measured,  and  the  other  a 
solution  of  a  salt  with  a  slower  anion  than  that  to  be  measured.  When  a 
current  is  passed  in  the  proper  direction  through  such  a  eastern,  an  electro- 
lytic margin  of  constant  velocity  is  formed,  provided  certein  conditions  are 
fulfilled.  These  conditions  have  been  already  described.*  The  measuring 
tube  is  provided  at  each  end  with  a  parchment-paper  partition,  which 
facilitates  the  formation  of  a  sharp  electrolytic  margin  between  the  indicator 
*  Mbbsod,  '  PhiL  TraDB.,'  A,  1899,  p.  331 ;  Steele,  A,  1902,  p.  106. 
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and  measured  solutiona,  and  theee  partitions  are  so  arranged  that  they  can  be 
removed  from  the  ends  of  the  measuring-tube  after  the  margins  have  been 
formed.  There  ie  thus  no  membrane  of  any  sort  between  the  two  electrodes, 
and  electrolysis  is  not  complicated  by  the  occurrence  of  electric  endoamoee. 

The  formation  of  bubbles  of  hydrogen  or  oxygen  gas  in  the  electrode 
vessels  is  prevented  by  the  use  of  unpularisable  electrodes. 

The  transport  number  and  the  average  absolute  v^ocity  of  the  ions  of  a 
number  of  salts  have  been  measured  with  very  satisfactory  results.  Transport 
nombers  have  been  measured  at  dilutions  down  to  one-fiftieth  normal,  and 
the  following  results  will  serve  to  illustrate  the  d^ree  of  accuracy  obtained. 
Truupoit  Dumber. 

DeDuOD  and  By  Htttorf'i 

Bklt.  OoncentrmtioD.  Steele.  method. 

KCI n/10  0-508  0508 

n/50  0-507  0-507 

NaCl    n/10  0-618  0-617 

n/50  0-614  0-613 

HCl n/10  0165  0172 

KOH    Ji/1  0-738  0-735 

The  values  which  we  have  obtained  for  the  average  absolute  velocities 
confirm  in  a  remarkable  manner  those  calculated  from  conductivity  data 
by  KohlrauBcb.    This  wiU  be  seen  from  the  following  examples : — 

T  =  18"  C. 


S<atand 

YelooitiM  ID  am./>Da. 

Found. 

DenuoD  uid  Bteele. 

KohlwiMch. 

ECl      0-1 ». 
BaOl    0-1  f.  . 
KCIO,  0  -1 »  . 
Ha      0  -1 »  . 

0<N)06S2 
0-000691 
0-000*74 

0-oooeoD 

0-000688 
0-000601 
0-000176 
0-000626 

0-000563 
0-000367 
0-0006« 
0-00808 

0-000568 
0-000367 
O-00Q660 
0-00803 

It  is  claimed  for  the  present  method  that  it  is  at  least  as  accurate  as  that 
of  Hittorf,  and  an  experiment  can  be  carried  out  in  about  one-tenth  of  the 
time.  It  also  gives  a  means  of  comparing  the  d^ree  of  dissociation  of  salts 
containii^  a  common  ion. 
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ITie  Fhysical  and  Chemical  Properties  of  Iron  Carhonyl. 
By  Sir  JAME8  Dbwab,  M.A,,  ScD.,  LL.D.,  F.E.S.,  Jackaonian  Profeaaor  in 
the    UnivetBity  of    Cambridge,  and    HuMPHEiY  Owen  Jones,  M^, 
D.Su,  Fellow  of  Clare  Collie,  and  Jackaonian  Demonstrator  in  tke 
TJniversity  of  Cambridge. 

(BaceiTed  October  24,— Bead  November  16,  1906.) 

This  paper  contains  an  accoonl,  as  promised,  of  a  study  of  the  physical 
and  chemical  properties  of  iron  carbonyl,  similar  to  that  already  com- 
municated to  the  Society  on  the  properties  of  tiie  analc^ns  compound  of 
nickel,*  to  which  this  forms  the  sequel 

The  combination  of  iron  and  carbon  monoxide  was  discovered  by  Drs.  Mond 
and  Quincke  in  18dl,t  and  the  resulting  compound  called  iron  pentacarbonyl 
was  isolated  (as  a  coloured  liquid),  and  examined  by  Drs.  Mond  and  Langer  { 
in  the  course  of  the  same  year. 

Our  knowledge  of  this  remarkable  substance  is  derived  entirely  from  the 
observations  of  the  last-named  investigators,  and  a  few  isolated  observations 
of  others — thus  the  late  Br.  Gladstone  determined  its  refractive  indices  and 
Dr.  Peildn  the  magnetic  rotation.  The  molecular  refractive  power  and 
magnetic  rotation  are  abnormally  high,  and  the  compound  is  diamagnetic ; 
such  remarkable  properties  naturally  aroused  considerable  interest,  but  the 
lack  of  any  further  work  on  the  compound  is  doubtless  due  to  the  great 
difficulty  experienced  in  preparing  quantities  of  the  compound  large  enough 
to  work  with. 

The  peculiarities  exhibited  by  this  compound  call  for  further  attention, 
and  we  have  examined  the  formation  of  the  compound  and  its  properties, 
both  physical  and  chemical ;  the  investigation  has  been  carried  out  on  the 
same  lines  as  that  on  nickel  carbonyl,§  and  attention  has  been  directed  more 
particularly  to  the  differences  between  the  iron  and  nickel  carbonyls,  such 
as  the  difference  in  formula,  colour,  stability  and,  more  especially,  to  the 
action  of  light  on  iron  carbonyL 

We  are  indebted  to  Dr.  Mond  for  two  specimens  of  iron  carbonyl  with 
which  tjie  investigation  was  begun ;  latterly  we  have  been  able  to  prepare 
and  use  much  larger  quantities  of  the  compound,  and  further  work  is  still 

♦  *  Boy.  Soc  Proc.,'  1903,  vol  71,  p.  427. 

t  '  Trail*.  Ch«m.  Sot,'  1891,  voL  59,  p.  604. 

X  '  Tnuia.  Chem.  Soc,'  1891,  voL  69,  p.  1090. 

g  Loc  eit.,  and  '  Tnne.  Chem.  Boc,'  1904,  vol.  86,  p.  S03,  p.  218. 
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in  progress.  The  preparation  of  iroa  carbooyl  in  quantity  ia  a  long  and 
tediooa  process ;  the  yield  obtained  depends  on  a  nnmber  of  circumstances ; 
the  best  conditions  for  the  preparation  of  the  compound  are  being  invest!' 
gated,  and  it  is  hoped  that  the  observations  made  on  this  subject  will  form 
the  subject  of  another  oonununication. 

Liquid  iron  carbonyl  is  described  as  a  yellow  liquid,  with  the  formula 
Fe(CO)t,  boiling  at  102°-8  C.  It  is  remarkable  that  nickel  carbonyl,  the 
compound  of  a  metal  whose  salts  are  highly  coloured,  is  colourless,  while 
iron  carbonyl  is  ooloored,  and  the  salts  of  iron  have  usually  only  a  feeble 
colour.  Also  the  difference  in  composition,  coupled  with  the  higher  boilii^ 
point  of  the  iron  compound,  caused  by  the  introduction  of  more  carbon 
monoxide,  is  a  striking  phenomenon.  We  considered  it  important  to 
determine  whether  careful  purification  and  drying  of  the  compound  would 
remove  the  colour,  and  to  procure  further  analytical  evidence  bearing  on  its 
formula. 

To  purify  the  substance  it  was  placed  with  some  suitable  drying  agent 
(copper  sulphate,  barium  oxide,  zinc  chloride,  and  pure  phosphorous 
pentoxide  were  all  found  suitable)  in  one  limb  of  a  carefuUy-dried  ^asa 
tube  bent  into  the  form  of  a  V-tube ;  the  other  limb  was  empty,  llie  tube 
was  then  exhausted  by  means  of  a  aide  tube,  filled  several  times  with  carbon 
monoxide,  hydrogen  or  nitrogen,  exhausted  again,  and  then  the  side  tube  was 
sealed  off  After  standing  in  the  dark  for  some  time  the  iron  carbonyl  was 
distilled  into  the  empty  limb  by  placing  this  in  a  freezing  mixture  and 
tlie  other  limb  in  a  beaker  of  water  at  about  50°  C.  The  liquid  was  still 
of  a  pale  yellow  colour,  even  after  standing  several  days  over  phosphorous 
pentoxide  and  distilling  by  feeble  gas-light 

Another  form  of  experiment  showed  conclusively  that  the  colour  is  a 
definite  property,  and  is  not  due  to  impurities.  A  tube  bent  into  the  form 
of  an  M  was  used,  the  liquid  was  allowed  to  stand  in  one  limb  for  several 
days  over  anhydrous  copper  sulphate,  distilled  over  into  the  bend,  where 
it  was  allowed  to  stand  for  a  week  over  pure  pboqihorous  pentoxide,  and 
then  finally  distilled  into  the  empty  limb  of  the  tube.  The  operations  were 
carried  out  in  the  dark,  and  the  liquid  still  possessed  its  yellow  colour. 
Consequently,  it  ia  concluded  that  the  pure  compound  has  a  yellow  colour. 
We  have  therefore  not  been  able  to  confirm  the  opinion  expressed  by 
Armstrong*  that  the  pure  compound  would  be  colourless. 

For  analysis  the  compound  was  purified  as  described  above,  apd  rapidly 
transferred  to  weighed  glass  bulbs  in  a  vacuum  desiccator,  the  bulbs  sealed 
and  weighed.  The  transference  must  be  effected  very  rapidly,  as  the  com- 
*  '  Proc.  C^wiu.  SocV  1893.  V-  (^ 
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pound  ia  exceedingly  Bensitive  to  air  and  moisture ;  a  reddish  pi«cipitate  is 
produced  on  standing  if  the  liquid  has  been  exposed  even  for  a  very  short 
time  to  moist  air. 

The  percentage  of  carbon  monoxide  waa  determined  by  combustion.  It 
was  found  necessary,  in  order  to  get  constant  results,  to  pass  a  current 
of  oxygen  through  the  tube  for  a  long  time,  while  heated  to  a  bri^t  red 
heat,  in  order  to  completely  oxidise  the  carbon  'which  was  deposited  with 
the  iron. 

(1)  0*2680  gramme  of  the  liquid  gave  03000  gramme  of  carbon  dioxide. 

(2)  0-4336  „  „  0-4825 

The  estimation  of  the  iron  oiFered  greater  difficulties.  Mond  and  linger* 
decomposed  the  compouad  by  heating  to  100°  C.  with  chlorine  or  bromine 
water  in  a  sealed  tube,  and  then  weighing  the  iron  aa  ferric  oxide. 

This  method  always  gave  slightly  high  results,  and  accuracy  is  limited 
because  small  quantities  only  can  be  used  on  account  of  the  great  pressure 
developed. 

(3)    0'3417  gramme  gave  0*1424  gramme  of  ferric  oxide. 

A  bulh  containing  a  weighed  quantity  of  the  liquid  waa  broken  under 
a  chloroform  solution  of  bromine,  the  gas  evolved  was  passed  through  more 
of  the  same  solution  in  a  U-tube.  When  the  reaction  had  caased  the 
solutions  were  evaporated  to  diyneas,  and  the  iron  precipitated  and  weighed  as 
ferric  oxide. 

(4)  0'7820  gramme  gave  0-3209  gramme  ferric  oxide. 

The  best  method  of  decomposing  the  compound  was  found  to  be  treatment 
with  alcoholic  potash  solution  in  a  sealed  tube  at  100°  C.  When  a  bulb 
containing  iron  carbonyl  was  broken  in  alcoholic  potaah  solution,  beautiful 
colourless  tabular  ciystals  having  a  pearly  lustre  were  at  once  produced ;  at 
the  surface  of  the  liquid  these  were  at  once  oxidised  by  the  air  with  the 
formation  of  a  reddish  brown  precipitate. 

The  mixture  contained  in  a  sealed  tube  was  heated  to  100°  C.  for  a  short 
time,  the  tube  cooled,  opened  (no  pressure  is  produced  by  this  decomposition), 
the  contents  washed  out  and  evaporated  to  dryness.  The  residue  was  treated 
with  nitric  acid,  again  evaporated  down,  and  the  iron  precipitated  by  hot 
caustic  potash  to  separate  it  from  aluminium  which  was  dissolved  ont  of  the 
glass. 

(5)  0-9465  gramme  gave  0-3886  gramme  ferric  oxida 
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SevereJ  other  methods  of  analyais  were  also  tried,  such  as  decompoaii^  the 
carbonyl  by  heat,  weighing  the  iron  and  measuring  the  carbon  monoxide.  A 
small  bulb  containing  a  weighed  quantity  of  the  purified  iion  carbonyl  waa 
placed  inside  a  strong  gfass  bulb,  a  glass  tap  was  then  sealed  on  to  this,  the 
bulb  exhausted  with  a  Topler  pump,  the  «mall  bulb  was  broken  and  the 
carbonyl  decomposed  by  heating  to  about  180°  to  200°  C,  until  no  deposit  of 
iron  could .  he  produced  by  heating  a  clear  portion  of  the  large  bulb  with  a 
blow-pipe  flame. 

The  carbon  monoxide  was  then  removed,  by  means  of  a  Topler  pump,  and 
measured ;  the  bulb  with  the  deposited  iron  was  weighed,  the  iron  dissolved 
off  and  the  bulb  weighed  again  after  drying.  In  this  process  it  was  found 
that  the  glass  was  often  attacked  where  the  iron  had  been  deposited  and  the 
high  values  obtained  for  the  iron  are  doubtless  to  be  attributed  to  this  cause, 
and  to  the  presence  of  carbon  in  the  iron  (see  later).  The  following  example 
illustrates  the  kind  of  result  obtained  by  this  method ; — 

(6)    0*4626  gramme  gave  287  c.c.  of  carbon  monoxide  at  19°  C.  and 
757  mm.  and  left  0'1S71  gramme  of  iron. 


F<mnd— 

To. 

CO. 

CO  by  Tolnme  for  1  gnunme. 

29-2 
28-7 
38-7 
28-6 
28-67 
88-33 

71-2 
70-9 

71 -iS 
66-66 

664-!  0.0.  .tO°C.  of  760  nun. 
671  -4  0.0.                                    1 
630  -9  0,0. 

Oi           rfforFe(CO),  

The  compound  is  therefore  Fe(COV 

Attempts  were  made  to  determine  the  ratio  Fe  :  CO  in  the  compound  by 
passing  nitrogen  through  a  weighed  or  unweighed  quantity  of  pure  iron 
carbonyl  and  then  through  a  glass  tube  bent  twice  on  itself  and  heated  in  a 
bath  so  that  the  vapour  was  heated  for  some  time  and  decomposed  into  iron 
and  carbon  monoxide ;  the  iron  was  deposited  in  the  tube  and  then  weighed, 
the  carbon  monoxide  was  passed  over  hot  copper  oxide  and  weighed  as 
carbon  dioxide  in  a  potash  tube.  It  had  been  found  previously  that  this 
process  gave  good  results  in  the  case  of  nickel  carbonyl. 

With  iron  carbonyl,  however,  consistent  results  could  never  be  obtained. 
In  the  first  place  the  compound  is  much  more  difificult  to  decompose 
completely  than  nickel  carbonyl,  and  it  was  found  that,  in  order  to  ensure 
complete  decomposition,    it  was    necessaiy,  when  keeping    the    bath    at 
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180°  to  200°  C,  to  heat  a  small  portion  of  the  tube  nearer  the  copper  oxide 
tnbe  nearly  to  redness.  Even  then  it  was  always  found  that  the  sum  of  the 
weights  of  the  iron  and  carbon  monoxide  was  always  leas  than  that  of  the 
iron  carbonyl  taken.  This  was  traced  to  the  fact  that  the  iron  deposited  was 
always  contaminated  with  carbon,  which  was  given  off  as  hydrocarbons  when 
the  iron  was  dissolved  in  acids ;  also  the  weight  of  ferric  oxide  obtained  from 
the  iron  was  always  less  than  it  should  have  been.  The  ratio  CO :  Fe  was 
usually  about  4*5  to  4*8 ;  this  is  readily  accounted  for  by  a  small  percentage 
of  carbon  in  the  iron.  The  presence  of  carbon  in  the  iron  would  also  tend  to 
raise  the  percentage  of  iron  as  estimated  by  method  (6). 

Further  evidence  in  support  of  the  formols  Fe(CO)t  was  afforded  by 
experiments  on  the  decomposition  of  the  vapour  enclosed  in  a  space  at  a 
given  pressure  and  measuring  the  pressure  of  the  carbon  monoxide  produced ; 
this  was  approximately  five  times  the  original  pressure  of  the  vapour.  These 
experiments  will  be  referred  to  later. 

Molecular  Weight — Numerous  vapour-density  determinations  have  been 
made  and  will  be  described  in  another  part  of  this  paper.  When  no 
disaociation  occurs  the  vapour  density  varied  between,  98  and  100,  so  that  the 
molecular  weight  corresponds  to  the  formula  Fe(CO)t  with  a  molecular  weight 
of  198. 

Two  determinations  of  the  molecular  weight  in  benzene  were  made  by  the 
cryoscopic  method :  a  weighed  quantity  of  liquid  in  a  bulb  was  broken  under 
the  benzene.  Owing  to  the  very  great  sensitiveness  of  the  compound  to  air 
and  moisture,  the  solution  always  began  to  turn  turbid  before  the  end  of  the 
experiment,  even  when  the  greatest  care  was  taken  to  exclude  moisture  and 
the  air  in  the  apparatus  had  been  replaced  as  completely  as  possible  by 
nitrogen  or  carbon  monoxide. 

0'2956  gramme  in  14'28  gramme  benzene  gave  a  depression  of  0*524°  C. 

Hence  the  molecular  weight  is  197. 
0'3900  gramme  in  14'20  grammes  benzene  gave  a  depression  of  0705°  C. 

Hence  the  molecular  weight  is  194 

Specific  Oravity  of  the  H^vM. — Mond  and  Langer*  gave  the  density  of 
liquid  iron  carbonyl  as  1*4664  at  18°  C.  compared  to  water  at  the  same 
temperatures,  or  1-4688  compared  to  water  at  4°  C.  Gladstonef  gave  the 
density  at  13°-4  C.  as  1*474,  at  15°*5  C.  as  1-470,  and  at  22°  C.  as  1-460. 

The  specific  gravity  was  determined  with  the  aid  of  a  small  glass  pykno- 
meter  (volume  2*2  cc.)  at  temperatures  from  0°  C.  to  80°  C.    Great  care 

•  Loe.eit. 

t  '  PhiL  Mag.,'  leftS,  [6j  toL  30,  p.  204. 
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was  exercised  to  exclude  moisture,  and  the  experiments  were  carried  out 
in  a  dim  light;  a  very  small  amount  of  decompnailion,  indicated  by  the 
formation  of  minute  bubbles  of  gas,  always  took  place,  which  was  more 
marked  at  the  higher  temperatures,  and  was  doubtless  caused  by  traces  of 
moisture  and  air,  bo  that  the  numbers  obtained  can  only  be  regarded  as 
approximate  for  the  two  highest  temperatures.  The  specific  gravity  is  in 
each  case  referred  to  water  at  4°  C. 


Temp. 

Bp.gr. 

00°  C. 

1-494 

lO-S"  C. 

1-468 

40-0°  C. 

1-421 

61-5°  0. 

1-382 

80-0°  C. 

1-351 

These  specific  gravity  determinations  were  made  with  a  specimen  of  the 
carbonyl  kindly  supplied  by  Dr.  Mond.  When  a  much  larger  quantity  was 
available  this  was  purified,  and  further  determinations  were  made  with  a 
much  larger  pyknometer  (volume  71100  c.a),  using  the  same  precautions 
(in  this  case  there  were  no  s^ns  of  any  decomposition). 


Temp. 

sp-p- 

<HfO. 

1-4937 

21-1"'  C. 

1-4565 

40-0°  0. 

1-4330 

60-0°  0. 

1-3825 

These  results  agree  fairly  well  with  those  given  above,  but  are  naturally 
more  trustworthy  on  aocount  of  the  larger  quantity  of  material  used. 

The  coefBcient  of  expansion  for  0°  C.  to  21°  C.  is  0-00121,  for  21°  C.  to 
40°  C.  is  000128,  and  for  40°  C.  to  60°  C  is  0-00142.  The  mean  coefficient 
of  expansion  is,  thei-efore,  about  0'00138. 

By  extrapolation  on  the  curve  the  specific  gravity  at  the  boilii^  point, 
102°-5  C,  is  1-310.  The  molecular  volume  is,  therefore,  149*6.  At  the 
melting  point,  — 20°G.,  the  specific  gravity  is  1-53  and  the  volume  of  the 
molecule  is  then  about  128. 

The  values  of  the  specific  gravity  of  the  liquid  at  0°  C.  and  60°  C,  taken 
with  the  critical  temperature  (288°  C,  for  which  see  p.  565),  give  the 
.  following  Waterston  formula  for  the  relation  between  the  volume  v  and  the 
temperature  f  C. : — 

V  =  1-974-0-5307  log  (288-t). 
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R^fraeHve  Indices. — Qladstooe*  deterniined  the  refractive  indicee  of  the 
carbonyl  for  eeveral  of  the  lines  of  the  spectrum  and  found  that,  as  in 
the  case  of  nickel  carbonyl,  the  compound  had  a  veiy  large  molecular 
refractive  power  and  an  enormous  dispersive  power.  It  was,  therefore, 
annecesaaiy  to  investigate  this  property  minutely,  and  two  determinations 
only  were  made  for  sodium  and  thallium  light  with  an  Abb^  refract«meter 
by  Mr.  A.  Hutchinson  of  the  Mineralogical  Department. 

^  for  Na  light 1-519 

fi  „  11     „     1-528    at22«C. 

These  values  agree  very  closely  with  those  found  by  Qladstone — 1*5180 
and  1-5289. 

Mdtivg  Point. — The  pale  yellow  liquid  ciystallises  when  cooled  to  a  pale 
yellow  solid  which  melts  at  — 19°'5  C.  to  —20°  C.  At  the  temperature  of 
liquid  air  the  solid  entirely  loses  its  colour,  which  it  gradually  recovers  on 
warming  up  f^ain. 

Vapov/r  Fresmre  and  Boiling  Point. — The  vapour  pressure  was  determined 
by  the  statical  method  as  in  the  case  of  nickel  carbonyl, 

A  wide  barometer  tube,  drawn  ofT  to  a  fine  capillary  at  one  end,  was 
carefully  cleaned  and  placed  upright  in  a  vessel  of  pure  dry  mercury,  in 
a  i-oom  lighted  by  a  feeble  gas  jet  A  small  tube  containing  iron 
carbonyl  was  now  introduced,  the  whole  exhausted  thoroughly  by  means 
of  a  FleuBS  pump  and  sealed  off  at  the  end.  The  pressure  was  then  read 
off  by  means  of  a  kathetometer,  while  the  tube  was  surrounded  by  a  bath 
at  vaiious  temperatures.  Observations  taken  after  cooling  and  allowing  the 
tube  to  stand  showed  that  no  appreciable  amount  of  decomposition  took 
place  under  the  conditions  of  the  experiment.  The  results  are  appended 
below  :-^ 


T~P. 

Prewure. 

-70°O. 

14-0  mm. 

00°  0. 

16-0     . 

161°  C. 

25-9     „ 

18-4°  0. 

28-2     „ 

36'0°  C. 

520    „ 

570°  0. 

1330    „ 

780°  0. 

311-2    „ 

Next  day  at  18^-9  C,  the  pressure  was  29-4  mm. 

The  boiling  point  given  by  Mond  and  Langer  is  102°-8  C.  at  749  mm. 
Several  determinations  of  the  boiling  point  were  made,  all  of  which  gave  a 
*  LocciL 


d  by  Google 


1905.]  and  Chemical  Properties  of  Iron  Garhonyl.  565 

result  slightly  lower  than  thia  Thus,  it  was  found  that  the  liquid  boiled 
at  101°-8  C.  at  736  mm.,  at  102°0  C.  at  744  mm.  and  at  102^7  C.  at 
764  mm.  The  values  for  0°  C.  and  102°-7  C.  give  the  following  Eankine 
formula  for  the  relation  between  the  vapour  pressure  p  in  millimetres  of 
mercury  and  the  absolute  temperature  T:  logj;  =  7-349— 1681/T.  This 
fits  in  very  well  with  the  results  for  the  intermediate  temperatures. 

Critical  Temperature. — It  was  found  by  trial  experiments  that  the  liquid 
could  be  heated  in  a  glass  tube  under  pressure  to  temperatures  considerably 
above  its  boiling  point  without  undergoing  noticeable  decomposition.  Its 
critical  temperature  was,  therefore,  determined  by  pladng  some  liquid 
in  small  thick-walled  capillary  tubes,  exhausting,  sealing-ofT,  and  then 
heating  the  tubes  in  an  air  or  paraffin  bath  until  Uie  meniscus  disappeared. 
The  tubes  were  about  one-third  to  one-balf  full  of  liquid,  and  though  no 
deposit  of  iren  was  produced,  yet  the  tubes  burst  after  heating  several  times 
to  the  critical  point  Id  several  determinations  it  was  found  that  the 
meniscus  disappeared  between  285°  C.  and  288^  G. 

The  formula  T  =  OtiS T^  whefe  T^  is  the  absolute  boiling  point  and  T 
the  absolute  critical  temperature,  is  usually  applicable  to  liquids  which  are 
not  associated  in  the  hquid  or  gaseous  state  near  the  boiling  point,  and  was 
found  to  be  applicable  to  nickel  carbonyl ;  it  should,  therefore,  be  applicable 
here.  Taking  the  boiling  point  as  102°'5  C,  the  critical  temperature  should 
be  289°'2  C,  a  value  agreeing  very  closely  with  the  number  found 
experimentally. 

The  critical  density  of  iron  carbonyl  is  calculated  to  be  0*40,  the  value  for 
nickel  carbonyl  is  046.  The  critical  pressure  calculated  from  the  Banldne 
formula  for  the  vapour  pressure  is  29'6  atmo^heres. 

The  number  obtained  by  dividing  the  absolute  critical  temperature  by  the 
critical  pressure,  which  is  proportional  to  the  volume  of  the  molecule, 
Van  der  Waals'  constant  b,  is  189,  the  corresponding  value  for  nickel 
carbonyl  is  15'5  and  the  value  for  carbon  monoxide  is  3-7.  Hence  the 
volume  of  the  molecule  of  iron  carbonyl  is  5'1  times  larger  than  that  of  carbon 
monoxide,  while  4-2  represents  the  ratio  for  the  nickel  carbonyl. 

The  latent  heat  of  iron  carbonyl  is  39-45  calories  per  gramme,  and  the 
Trouton  constant,  molecular  latent  heat  divided  by  absolute  boiling  point,  is 
20-6,  a  value  identical  with  that  for  nickel  carbonyl. 

The  molecular  volume  of  iron  carbonyl  at  its  boiling  point  is  150,  so  that 
taking  7-0  as  the  volume  of  the  iron  atom,  we  get  28-6  as  the  volume  of  each 
carbon  monoxide  molecule,  a  number  smaller  than  that  found  for  nickel 
carbonyl,  i.e.,  322.  Liquid  carbon  monoxide  at  its  boiling  point  has  a 
molecular  volume  of  35,  so  that  a  greater  contraction  would  take  place  in 
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the  rormatioD  of  liquid  iron  carbonjl  &om  liquid  carbon  monoxide  and  iron, 
if  that  were  possible,  than  in  the  formation  of  nickel  oarbonyl  under  similar 
conditionB. 

The  similarity  between  many  of  the  constants  of  nickel  and  iron  carbonyla 
is  very  striking,  in  spite  of  the  fact  that  the  substances  differ  so  widely  in 
their  boiling  points  and  stability. 

VajKMtr  Density  and  Dissociation. — Two  vapour-density  determinations 
were  made  by  Mond  and  tanger*  by  Y.  Meyer's  method  in  an  atmosphere  of 
hydrogen  at  the  temperature  of  boiling  xylene.  The  results  were  d3'8  and 
92*4,  the  theoretical  value  is  98,  so  that  8l%ht  dissociation  is  indicated. 

A  number  of  trial  experiments  showed  that  iron  carbonyl  vapour 
dissociated  quietly  without  explosion  when  heated  to  a  high  temperature 
alone  or  in  an  inert  gas. 

A  series  of  vapour-density  determinations  were  made  by  V.  Meyer's 
method  in  various  gases  at  different  temperatures  in  order  to  show  the  effect 
of  temperature,  of  admixture  with  inert  ma  or  carbon  monoxide  and  of  the 
rate  of  ditTusion  on  the  dissociation  of  iron  carbonyl.  Owing,  however,  to 
the  great  stability  of  the  iron  compound  and  Its  slow  rate  of  dissociation, 
these  effects  are  not  so  clearly  seen  as  in  the  case  of  nickel  carbonyl.  In 
feet,  so  slowly  does  iron  carbonyl  dissociate,  that  accurate  determinations  can 
only  be  obtained  at  the  lowest  temperatures  where  no  dissociation  occurs,  and 
at  the  highest  temperatures  where  complete  dissociation  is  rapid ;  at  the 
intermediate  temperatures  the  dissociation  is  so  slow  that  difiusion  to  the 
cooler  parts  of  the  tube  takes  place  and  the  end-point  of  the  evolution  of 
gas  is  extremely  uncertain. 

Several  series  of  determination  of  the  vapour  density  were  also  made  by 
Hofmanu's  method  to  show  the  eSbct  of  pressure  and  temperature  on  the 
dissociation  of  iron  carbonyl ;  but  again,  owing  to  the  slow  rate  of  dissociation, 
the  experiments  bad  to  be  prolonged  for  an  inconveniently  long  time  before 
even  an  approximately  constant  volume  was  obtained.  In  these  experiments 
it  is  advisable  to  protect  the  vapour  as  far  as  possible  from-  light,  since  the 
decomposition  of  the  iron  carbonyl  by  light,  which  takes  place  at  low 
temperatures,  is  thus  minimised 

The  results  obtained  are  tabulated  below.  The  percentage  dissociation  is 
calculated  by  means  of  the  formula 

p=  ^^100. 
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and  Chemical  Properties  of  Iron  Carbonyl. 
Vapour  Densitiee  detenuiiied  by  Meyer's  Method. 


ofX^rb* 

OMflDing 
the  tube. 

Vapour 

1^^ 

BmaAt. 

166"  C. 
(huri-ntiii.) 

18?  0. 

airo. 

Wl 
86 -SI 
88 -tL 

87-»; 

88-6 
78  0 
88-4 

44-fll 

44 -or 

«-4 

ao-3 
ao-o 

la 
a -a 

8-0 

4-fl 
8-4 
42-8 

80  1, 
64-4 

96-8 
97-6 

Vo  linblo  depout  of  iron. 
Dlititiotdepoiitof  ma. 

BxtMutTe  dopant  oitoidiiig 
orer  larga  um  of  tnb« 

OHboumoiMaid*... 

Oubon  monoxide... 

Yapour  Densities  by  Hofmann's  Method. 

Prewuw. 

Taponr 

PaTocmtus 

BommrU 

TB'C. 

186 
196 

aia 

286 

99-8 
96-4 
100-0 
99  S 

-        ' 

100°  a 

ise 

179 

aM 

98-8 
98-6 
97-3 
97  1 
99 -fl 

z 

ITo  TldbL)  dopout  of  iron. 

208 

~ 

180°  a 

186 

loa 

216 
242 
836 

9B-0 
96-7 
06-3 
94-6 
96-0 

OS 
0-6 
0-S 
0-0 
0-8 

141"  0. 

156-180'  0. 

aei 

274 
864 

86-6 

70-2 
88  1 

8-8       ■ 

9-9 
3-81     . 

KttMmdf    bint    depoMt    of 

iwa 

349 

884 
406 
S74 

40-41 
40 -41 
44-2 
40-6 

SS-6 
80-2 
28-8 

Yen  ntMuiye  dspodt  of  inm , 

These  results  show  very  clearly  the  effect  of  increase  of  temperature  and 
of  diminution  of  pressure  in  increasii^  the  dissociation,  the  effect  of  carbon 
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monoxide  in  diminiahing  the  diBSOciation  observed  in  on  inert  gBs  at  the  same 
temperature.  The  increased  dissociation  in  a  light  inert  gas  as  compared 
with  a  heavy  one  is  shown  by  the  values  in  hydrogen  and  nitrogen  at  129"  C. 

The  rate  of  dissociation  of  the  vapour  at  various  temperatures  was  also 
studied  in  an  apparatus  very  similar  to  that  used  by  Mittasch*  for  the 
dissociation  of  nickel  carbonyl.  Owin^  to  the  small  vapour  pressure  of  iroa 
carbonyl  the  range  of  pressures  of  undissociated  vapour  is  very  limited. 

The  rate  of  dissociation  is  very  slow  at  temperatures  below  180°  C,  but 
appears  to  be  complete  at  that  temperature.  The  reaction  is  reveisible,  bot 
the  reversal  takes  place  very  slowly. 

Gkemieal  Beadions  of  Iron  Pentacarbonyl. — An  exiunination  of  some  of  the 
simpler  reactions  of  iron  carbonyl  was  made  in  order  to  study  its  chemical 
nature  and  stability  in  comparisou  with  nickel  carbonyl,  the  reactions 
of  which  have  already  been  described.t  The  action  of  the  halogens  in 
solution  in  pure  dry  carbon  tetrachloride  on  normal  and  decinorm^ 
solutions  of  iron  carbonyl  in  the  same  solvent  was  first  investigated ;  the 
solutions  were  mixed  in  a  nitrometer  and  allowed  to  stand,  the  gas  evolved 
measured  and  tested  and  the  solid  examined. 

CUoritie  and  iron  carbonyl  react  fairly  rapidly  to  produce  a  solid  and 
carbon  monoxide,  which  was  measured,  and  showed  that  the  decompositioo 
was  complete.  The  solid  was  foimd  to  be  a  mixture  of  ferrous  and  ferric 
chlorides,  the  ferrous  chloride  could  never  be  obtained  quite  free  from  ferric, 
but  by  using  a  lai^  excess  of  chlorine  practically  pure  ferric  chloride  could 
be  obtained.  The  gas  appeared  to  be  practically  pure  carbon  monoxide  and 
to  contain  no  carbonyl  chloride. 

Bromine  reacts  with  iron  carbonyl  very  slowly,  in  fact  much  more  slowly 
than  iodine  reacts  with  nickel  carbonyl  Five  ac  of  a  decinormal  solution 
of  iron  carbonyl  and  1  c.c  of  normal  bromine  solution  should  evolve  22'4  cc. 
of  gas,  lo  cc.  of  gas  had  been  evolved  in  six  hours,  19'5  cc.  in  20  hours,  and 
the  reaction  was  practically  complete  in  35  hours.  The  sohd  salt  consisted 
chiefly  of  ferrous  bromide  with  minute  traces  of  ferric  salt,  the  gas  was  pure 
carbon  monoxide.  This  reaction  shows  the  much  greater  stability  of  the  iron 
compound  over  the  nickel  compound,  which  is  decomposed  by  bromine  in  a 
few  seconds  after  mixing. 

lodvne  reacts  extremely  slowly  with  iron  carbonyl  to  produce  carbon 
monoxide  and  ferrous  iodide ;  in  decinormal  solution  the  reaction  had  only 
■  proceeded  to  the  extent  of  70  per  cent,  in  three  days. 

lodiiu  monochloride  in  chloroform  solution  reacts  with  iron  carbonyl  much 
«  '  Zeit.  Phys.  Chem.,'  1902,  vol.  40,  p.  1. 
t  'TiMB.  Chem.  Soc,"  1904,  vol  8ft,  pp.  203—222. 
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in  the  same  way  ae  it  does  with  nickel  carbonyl ;  ferrous  chloride  is 
precipitated  and  iodine  liberated,  the  solution  becoming  purple,  the  free 
iodine  then  reacts  veiy  slowly  with  the  residual  iron  carbonyL 

The  whole  reaction  is  a  very  slow  one,  and  the  salt  at  first  precipitated  is 
ferrous  chloride  with  no  trace  of  ferric  stdt  and  no  iodide,  a  little  iodide 
appears  before  the  formation  of  chloride  is  complete,  but  no  ferric  salt  is 
produced. 

Iodine  trichloride  in  chloroform  solution  reacts  slowly  with  iron  oarbonyl, 
producing  a  solid  deposit  and  evolving  gas ;  no  free  iodine  is  produced  for 
a  long  time.  The  solid  is  again  ferrous  chloride  &ee  from  ferric  chloride, 
and  contains  very  little  iodide  until  the  reaction  has  been  proceeding  for 
some  time. 

Cyanogen  gas  does  not  appear  to  react  at  all  with  iron  carbonyl  liquid  or 
vapour,  and  in  alcohol  solution  the  reaction  is  extremely  slow. 

Cyanogen  iodide  in  chloroform  solution  reacts  very  gradually,  the  solution 
first  becoming  red  and  then  purple  and  a  brown  solid  is  deposited.  The 
solvent  contains  free  iodine  and  the  solid  is  ferrous  cyanide  mixed  with 
a  little  ferrous  iodide. 

The  action  of  the  halogen  hydrides  was  examined  in  the  gaseous  state  and 
also  in  chloroform  solutions. 

Hydrochloric  and  hydrobromic  acid  gases  had  no  action  on  iron  carbonyl 
even  after  allowing  the  mixture  to  stand  for  weeks  in  the  dark.  Dry 
hydriodic  acid  gas  was  introduced  into  an  exhausted  glass  bulb  containing 
a  small  glass  bulb  full  of  iron  carbonyl,  which  was  then  broken.  On 
standing,  a  dark  brown  crystalline  solid  was  produced,  which  was  found 
to  be  ferrous  iodide,  and  at  the  same  time  carbon  monoxide  and  hydrogen 
were  liberated. 

In  chloroform  solution  hydrochloric  acid  and  hydrobromic  acid  react 
slowly  with  iron  carbonyl,  the  former  more  slowly  than  the  latter.  In  each 
case  pure  ferrous  salts  were  produced  and  hydrogen  and  carbon  monoxide 
were  evolved.  With  a  chloroform  solution  of  hydriodic  acid  the  reaction  was 
more  rapid  and  was  complicated  as  in  the  case  of  nickel  carbonyl  by  the 
liberation  of  iodine. 

The  reactions  of  iron  carbonyl  described  above  are  exactly  parallel  with  the 
corresponding  reactions  of  nickel  carbonyl,  only  differing  in  rapidity,  which 
is  much  less  owing  to  the  greater  stability  of  the  iron  compound.  There 
is  a  more  marked  difference  to  be  observed  in  some  of  the  other  reactions. 

With  sulphur  dissolved  to  carbon  bisulphide  or  xylene,  iron  carbonyl  does 
not  react  at  all  in  the  cold,  neither  does  it  react  with  niiric  ccaide,  in  both 
cases  differii^  markedly  from  nickel  carbonyl. 
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ffgdrogen  su^hide  also  haa  no  action  oa  iron  carbonyl,  bnt  on  alcohol 
solution  of  the  gaa  reacts  extremely  slowly  to  produce  ferrous  sulphide, 
carbon  monoxide  and  hydrogen. 

Nitric  acid  in  carbon  tetrachloride  or  ether  solution  teects  rapidly  with 
iron  carbonyl  to  produce  a  mixture  of  ferrous  and  ferric  nitrates,  carbon 
monoxide  with  some  hydrogen  and  reduction  products  of  nitric  acid. 

Cowxtttrated  sulphuric  acid  reacts  rapidly  with  iron  carbonyl,  the  mixture 
first  darkens,  carbon  monoxide  and  hydrogen  are  evolved,  mixed  with  a  little 
iron  carbonyl  vapour;  the  liquid  then  becomes  paler  in  colour  as  the  reaction 
is  completed.  The  salt  formed  is  pure  ferrous  sulphate,  so  that  the  reaction 
may  be  expressed  by  the  following  equation  : — 

re(CO),+H,SO»  =  FeS0*+5C0  +  H» 

The  rapidity  of  the  reaction  is  very  mnch  greater  than  in  the  case  of 
nickel  carbonyl ;  this  is  the  only  reaction  yet  observed  which  is  more  rapid 
tiian  the  corresponding  reaction  with  nickel  oarbonyL 

To  complete  the  comparison  between  the  nickel  and  iron  compoonds 
in  so  far  as  the  reactions  of  nickel  carbonyl  have  been  described,  the 
reaction  of  iron  carbonyl  with  lensene  in  presence  of  aluminium  chloride  was 
examined.  Four  grammes  of  iron  carbonyl  and  10  grammes  benzene  (five 
molecules)  were  poured  on  to  28  grammes  powdered  aluminium  chloride  (five 
molecules)  in  a  tube,  which  was  then  sealed  off  and  heated  for  two  houta 
to  100°  C.  The  mixture  became  very  dark  in  colour,  and  on  opemng  the  tube 
some  pressure  caused  by  carbon  monoxide  and  a  little  hydrochloric  acid  gas 
was  observed. 

The  dark  mass  was  mixed  with  ice,  when  some  ferrrous  chloride  dissolved 
and  some  ferrous  hydroxide  was  precipitated,  treated  with  hydrochloric  acid 
and  distilled  in  steam.  Benzaldehyde  and  benzene  came  over  first  followed 
by  a  crystalline  fluorescent  solid;  the  residue  in  the  flask  was  dissolved 
in  benzene,  dried  and  distilled,  when  a  crystalline  solid  was  obtained  which 
was  found  to  be  pure  anthracene,  so  also  was  the  small  quantity  of  solid  which 
distilled  in  steam. 

The  final  products  of  the  reaction  in  this  case  are,  therefore,  precisely  the 
same  (namely,  benzaldedyde  and  anthracene)  as  those  produced  by  using 
nickel  carbonyl  In  the  cold  the  reaction  proceeds  slowly,  with  the  produc- 
tion of  benzaldehyde  and  no  anthracene,  again  precisely  as  in  the  case  of 
nickel  carbonyl 

Decomposition  by  Light. — Mond  and  Langer*  state  that  liquid  iron 
carbonyl  is  rapidly  decomposed  by  light,  giving  rise  to  a  solid  product  and 
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carbon  monoxide.  Detennioatious  of  the  percenter  of  iron  in  the  compound 
made  by  thera  indicated  that  the  fonnula  was  Fes(C0)7,  but  the  body  vaa 
not  obtained  in  a  pore  state.  This  behaviour  to  light  constitutes  the  moet 
striking  difference  between  the  carbonyk  of  iron  and  nickel,  and  was 
therefore  examined  more  fnlly. 

The  decomposition  was  first  investigated  over  mercury  in  a  barometer  tube. 
A  weighed  quantity  of  liquid  ircm  oorbonyl  in  a  sealed  bulb  waa  introduced 
into  a  barometer  and  the  bulb  was  then  broken,  after  which  the  tube  waa 
exposed  to  light 

Id  the  laboratory  on  bright  days  in  February  the  decomposition  was 
extremely  slow,  bat  on  the  same  days  in  direct  sunlight  the  decomposition 
was  rapid  and  the  evolution  of  gas  was  completed  in  a  few  hours.  Exposure 
to  the  electaio  arc  only  induces  the  change  very  slowly,  and  a  strong 
acetylene  flame  is  almost  without  action.  The  volume  of  gas  evolved  (which 
was  found  to  be  pure  carbon  monoxide)  was  then  measured  and  the  solid 
collected.  The  solid  was  found  to  consist  of  beautiful,  luattons,  hexagonal 
plates  of  an  orange  cdonr,  which,  when  pure,  retained  their  lustre  for  a  very 
long  time  on  expoeore  to  <«dinary  sir,  and  indefinitely  in  dry  air ;  if,  however, 
the  deoomposUioD  bad  not  been  completed  and  the  solid  was  o<mtaminated 
with  traces  of  the  liquid  compound,  nq>id  change  occurred  and  the  compound 
sometimes  took  fire. 

The  fdtowii^  are  two  ^ical  examples  of  experiments  made  in  this 
way: — 

(1)  O'O905  gramme  iron  carbonyl  gave  4*7  c.c  of  oarbon  monoxide. 

(2)  0-2970  „  „  18-4 

Aooording  to  the  equation 

2Fe  (CO),  =  Fea  (CO),  +  SCO,  (1) 

tihere  should  have  been  produced  15*5  cc.  and  50*9  cc.  of  carbon  monoxide 
reqteetively,  whereas  the  equation 

2Fe  (CO),  =  Fea  (C0)9  +  CO  (2) 

requires  5*2  c.c.  and  17  ca  of  carbon  monoxide  respectively. 

It  would,  therefore,  appear  that  the  formula  of  the  solid  compound  is 
Fog  (C0)«  and  not  Fej  (CO);,  and  that  the  decomposition  induced  by  light  is 
represented  by  equation  (2)  above.  This  result  was  confirmed  by  carrying  out 
the  decomposition  in  a  large  glass  bulb  out  of  contact  with  mercury. 

A  small  sealed  bulb  filled  with  iron  carbonyl  was  introduced  into  a 
large  glass  bulb,  which  waa  tlien  sealed  on  to  a  glass  tap,  dried  carefully, 
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and  exhausted  with  a  Topler  pump.  The  small  bulb  was  then  broken  and 
the  whole  exposed  to  light  for  some  days,  after  which  the  carbon  monoxide 
was  pumped  out  and  measured.  In  these  ezperimentfi  it  was  practically 
impossible  to  get  the  decomposition  completed,  siuce  the  bulb  became 
covered  with  a  deposit  of  Uie  solid,  which  cut  off  the  light. 

The  followiug  are  typical  examples : — 

0-6006  gramme  of  the  liquid  carbonyl  gave  33*2  cc.  of  carbon  monoxide 
and  left  O'SOl  gramme  of  solid.  Theory  requires  34'3  cc.  of  gas  and 
0'557  gramme  of  solid. 

0'5076  granime  gave  32  c.c.  of  gas.    Theory  requirea  33*8. 

Decomposition  was  incomplete,  aa  shown  by  behaviour  of  solid,  and  by  the 
fact  that  OQ  admittii^  air  to  the  carbon  monoxide  a  derpostt  of  iron  oxide 
was  produced.  Another  type  of  experiment  also  served  to  confirm  the  above 
conclusively : — 

A  carefully  dried  glass  bulb  of  about  250  cc  capacity  was  fitted  with 
a  small  mercury  manometer,  thoroughly  exhausted,  and  filled  with  dry  iron 
carbonyl  vapour,  the  pressure  of  which  was  measured  at  a  definite  temperature. 
The  bulb  was  then  exposed  to  light  until  no  further  change  took  place ;  after 
the  bulb  had  been  brought  to  the  original  temperature,  the  pressure  was  found 
to  have  been  reduced  to  one-half  its  former  value,  as  required  by  equation  (2) 
above. 

None  of  the  specimens  of  the  solid  carbonyl  prepared  by  either  of  the 
foregoing  methods  was  found  to  be  pure  enough  to  give  good  results  on 
analysis.  The  specimens  prepared  over  mercuiy  always  retained  small 
globules  of  mercury  too  small  to  be  visible,  but  whose  presence  became 
evident  during  combustion,  while  the  specimens  prepared  in  glass  bulba 
were  always  contaminated  with  a  little  of  the  liquid,  which  either  caused 
spontaneous  combustion  of  the  sample  or  decomposed  quietly  and  left  some 
oxidation  product  poor  in  carbon.  The  percentages  of  carbon  monoxide 
obtained  were  too  b^h  for  Fe3(G0)T,  63-6  per  cent,  and  too  low  for  Fe9(G0jtt, 
69'2  per  cent. ;  thus,  for  example,  66'0  and  66*5  per  cent,  of  carbon  monoxide 
were  obtained  in  two  combustions. 

We  therefore  examined  the  decomposition  of  the  liquid  in  various  solvents 
and  succeeded  in  obtaining  the  compound  in  a  pure  state. 

Iron  pentacarbonyl  dissolved  in  dry  ether  or  petroleum  ether  and  exposed 
to  sunlight,  undergoes  rapid  decomposition  with  evolution  of  carbon  monoxide 
and  formation  of  large  reddish  orange  crystals  of  the  solid  carbonyl  To 
obtain  the  pure  solid  compound  in  quantity,  the  solution  was  sealed  up  in  a 
dried  and  exhausted  glass  tube,  and  exposed  to  light.  Owing  to  the  unavoid- 
able exposure  to  air  durii^  the  transference,  a  small  amount  of  a  precipitate 
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of  an  oxidation  product  was  sometime8  produced.  When  a  quantity  of  the 
Bolid  carbonyl  had  heen  formed,  the  tube  was  opened  (a  considerable 
pressure  of  carbon  monoxide  was  always  produced),  and  the  precipitate  was 
removed  easily  by  shaking  the  tube  and  pouring  ofT  the  liquid,  when  the 
precipitate,  which  is  very  light  and  settles  slowly,  is  poured  off  with  the 
liquid,  and  the  ciystals  remain  behind.  The  ciystals  were  then  washed  two 
or  three  times  with  the  solvent  and  rapidly  transferred  to  a  desiccator 
containing  sulphuric  acid  and  solid  parafSn.  When  prepared  in  this  way 
they  retain  their  lustre,  and  show  no  s^pis  of  change  for  a  long  time  on 
exposure  to  air. 

The  percentage  of  carbon  monoxide  was  then  deteimined  by  combustion, 
using  the  same  precautions  as  in  the  case  of  the  liquid.  The  method  of 
estimating  the  iron  after  decomposing  the  solid  by  beating  in  a  sealed  tube 
with  bromine  water  was  found  unsatisfactory,  and  after  trying  several 
methods  it  was  found  that,  if  the  compound  were  dropped  slowly  into  pure 
nitric  acid  in  a  weighed  crucible,  complete  decomposition  took  place,  with 
efTervescence  and  without  loss  of  iron.  The  resulting  liquid  was  then 
evaporated  to  dryness  on  a  water  bath,  the  ferric  nitrate  decomposed  by 
careful  ignition,  and  the  ferric  oxide  weighed. 

The  following  results  were  obtained  by  these  methods : — 

(1)  0-2470  gramme  gave  0-2655  gramme  COs. 

(2)  0-3178        „  „     0-3417 

(3)  0-1839        „  „     0-1992 

(4)  0-5791        „  „     0-2534  gramme  FeaO^ 

(5)  0-3450        „  „     0-1515 
Found — 

CO.  Fe. 

(1) 68-4  — 

(2) 68-4  — 

(3) 68-9  — 

•  (4) —  30-6 

(5) —  30-7 

rei,(C0)7  requires   ...     6360         3640 

Fe(CO)*         „        ...     66-66         33-33 

Fes(CO)»        „         ...     69-20  3080 

The  sohd  compound  is  therefore  Tea  (CO)i(,  or  diferro-nona-carbonyl.    The 

solid  prepared  in  this  way  forms  laige  hexagonal  plates,  often  3  or  4  moL  in 

breadth,  but  always  rather  thin.  It  is  very  sparingly  soluble,  in  fact  practically 

insoluble,  in  ether,  petroleum-ether,  and  benzem;,  but  is  slightly  soluble  in 

methylal,  alcohol  and  acetone,  and  much  more  soluble  in  pyridine  to  form  a 
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reddish  BoIntioD.  When  dissolved  the  compound  becomes  mnoh  more  BensitiTe 
to  air  and  moisture,  and  deposits  a  reddish  precipitate.  We  have  not  yet 
succeeded  in  reciystallising  the  compound.  The  crystals  are  slightly  dia- 
magnetic,  but  less  so  than  the  liquid.  The  density  of  the  solid  at  18°  C.  is 
2*085,  and  its  molecular  volume  is  therefore  about  174.  If  two  gramme- 
molecules  of  solid  Fe  (CO)t  were  converted  into  Fea(GO)»,  then  256  volumes 
wouM  become  174,  or  a  contraction  of  about  33  per  cent  would  ensue. 

On  heating  solid  iron  carbonyl,  as  stated  by  Mond  and  Lai^r,  liquid  iron 
carbonyl  is  produced,  and  some  solid,  probably  iron,  is  left  We  find  that  this 
change  takes  place  at  about  100°  C.  Under  a  pressure  of  carbon  monoxide 
up  to  150  atmo^heree,  there  is  no  rapid  change  below  95*^  C,  but  at  this 
temperature  the  solid  is  completely  convertied  into  liquid  iron  carbcmyl, 
though  traces  of  a  yellowish-brown  solid  are  sometimes  left  Quantitative 
experiments  were  made  on  the  decompoeition  at  100°  C.  in  a  stream  of 
hydrogen,  and  showed  that  the  decomposition  could  be  represented  by  the 
following  equation : — ■ 

2Fes(C0)B=  3Fe(CO)5+Fe+3CO. 

Liquid  iron  carbonyl,  when  exposed  to  light  under  a  pressure  of  75  to 
125  atmospheres  of  carbon  monoxide  in  the  tnbe  of  a  UailleCet  pump,  decom- 
poses without  any  apparent  diminution  of  the  rate  of  transition.  For  this 
purpose  the  liquid  was  placed  in  a  small  tube  kept  in  position  by  a  plug 
of  glass  wool  so  that  the  liquid  never  came  in  contact  with  the  mercury. 
If,  however,  the  sealed  tube  containing  liquid  iron  carbonyl,  or  a  solution  of 
it  in  ether,  be  heated  to  any  tempeiatare  between  60^  and  100°  0.,  while 
exposed  to  light,  no  solid  separates  even  after  several  houra,  whereas 
below  50°  C  solid  is  fonned  in  about  half  an  hour.  This  is  also  true 
when  the  liquid  is  under  a  pressure  of  60  to  100  atmospheres  of  carbon 
monoxide.  The  solution  which  had  been  exposed  to  light  at  a  temperature 
above  60°  C.  even  on  cooling  gave  no  deposit  of  solid,  showing  that  no 
decomposition  had  been  caused  by  the  action  of  light  at  these  temperatures. 
And  this  is  confirmed  by  the  fact,  which  will  he  proved  later,  that  -if  solid 
had  been  produced  in  solution  it  would  at  this  temperature  have  formed  a 
solution  of  an  intense  green  colour. 

The  decomposition  of  liquid  iron  carbonyl  dissolved  in  ether,  amylene,  or 
petroleum-ether  (B.P.,  30°  to  40°  C.)  by  light,  takes  place  slowly  at  the 
temperature  of  liquid  air.  The  solutions  become  solid,  and,  after  exposure  to 
sunlight  for  about  three  hours  inside  a  vacuum  vessel  of  liquid  air,  and  then 
allowing  to  warm  up  in  the  dark,  a  faint  deposit  of  solid  was  observed. 
In  spite  of  the  fact  that  pressure  is  not  efTective  in  preventing  the 
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decompoeition  by  light,  the  reactioD  is  reversed  slowly  under  a,  sl^ht  pressure 
of  catboD  monoxide  at  the  ordinary  temperature  in  the  dark.  Tubes  containing 
iron  carbonyl  alone,  or  in  solution,  which  had  been  exposed  to  light  so  that 
they  contained  Gome  of  the  solid  carbonyl,  on  standing  at  the  otdinary  tem- 
perature in  the  dark  for  some  weeks,  were  found  to  contain  no  solid ;  so  that 
the  solid  had  absorbed  the  carbon  monoxide  which  had  been  evolved,  and 
bad  been  completely  reconverted  into  the  liquid.  These  observations  are  of 
considerable  interest  and  importance  in  their  bearing  on  the  question  as  to 
whether  the  action  of  light  is  exothermic  or  endothermic  If  the  light 
reaction  ia  not  endothermic,  then  we  must  asaitme  the  action  of  carbon 
monoxide  on  the  solid  carbonyl,  and  the  change  backwards  into  the  liquid 
carbonyl  ia  attended  by  an  absorption  of  heat.  Further  experiments  must 
be  made  to  settle  the  question. 

When  solid  iron  carbonyl  is  heated  alone,  as  stated  above,  no  change  takes 
place  below  100°  C,  at  this  temperature  a  solid  and  a  green  liquid  are  formed. 
But  if  the  solid  be  heat«d  with  liquids  such  as  ether,  petroleum-ether,  or 
toluene,  change  begins  at  about  S0°  C,  the  solid  decomposes  and  the  liquid 
acquires  «i  inteise  green  colour.  The  intensity  of  the  green  c<douT  is  so 
great  that  the  solutioDS  are  almost  opaque,  even  in  thin  layers ;  in  mors  dilute 
solutions  the  absorption  spwtrum  showed  a  distinct  band  in  the  yellow 
These  green  solutions,  on  exposure  to  light,  again  deposit  yellow  crystals  of 
the  solid  carbonyl,  and  become  colourless. 

In  order  to  determine  what  kind  of  light  was  most  effective  in  isductng 
this  decomposition,  small  tubes  containing  a  10-per-oeut  solution  of  iron 
pentacarbonyl  in  ether  were  exposed  in  different  parts  of  a  solar  spectrum 
and  also  to  sunlight  under  different  coloured  screens.  It  was  found  that  most 
rapid  decomposition  occurred  in  the  blue,  then  green,  closely  followed  by 
yellow,  and  lastly  red:  exposure  under  red  glass  produces  roughly  about  one- 
tenth  the  amount  of  solid  produced  under  blue  glass  in  the  same  time. 

Exposure  of  the  liquid  in  quartz  tubes  to  the  electric  arc  causes  slow 
decomposition  only,  and  the  acetylene  flame  is  still  less  active. 

Colourii^  the  ether  solution  with  dyes  was  also  tried;  cyanine  and 
chlorophyll  allow  rapid  decomposition,  azobenzene  retards  the  decomposition 
slightly,  isatin  and  alizarine  somewhat  more. 

It  has  already  been  stated  above  that  the  decomposition  occurs  readily  in 
solution  in  petroleum  etber  and  ether ;  the  same  is  true  of  alcohol ;  in  pure 
benzene  the  decomposition  appears  to  be  slower,  but  if  the  benzene  contain 
traces  of  thiophene  a  black  solid  is  deposited.  Solutions  of  iron  cturbonyl  in 
pyridine  become  dark  red  in  colour  when  exposed  to  light,  gas  is  evolved,  but 
no  solid  is  deposited  except  from  strong  solutions  of  about  50  per  cent  1^ 
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volume.  Thia  Ib  to  be  accounted  for  by  the  solubility  of  the  solid  in  pyridine. 
Carbon  bisulphide  and  nitrobenzene,  which  do  not  react  with  iron  carbonyl  in 
the  dark,  when  exposed  to  light,  react,  with  the  formation  of  eolid 
precipitates. 

The  most  striking  result  observed  was  with  solutions  of  iron  carbonyl  in 
nickel  carbonyl  These  solutions  are  of  a  much  paler  yellow  colour  than 
solutions  of  equal  concentration  in  other  solvents.  Thus  for  example  a  10-per- 
cent, solution  of  iron  carbonyl  in  ether  has  just  the  same  intensity  of  colour 
as  a  30<per-cent.  solution  in  nickel  carbonyL  A  lO-per-cent  solution  deposits 
no  solid  after  ezposore  to  bright  simlight  for  several  weeks,  a  25*per-cent. 
solution  (by  volume)  deposits  no  solid  from  the  liquid,  but  solid  is  deposited 
in  the  vapour  space  above  the  liquid ;  a  50-per-oent.  solution  deposits  some 
solid  both  in  the  liquid  and  in  the  vapour  space. 

That  no  decompositioD  occurs  in  dilute  solutions  of  iron  carbonyl  in  nickel 
carbonyl  is  shown  by  the  facte  that  no  gas  is  evolved  from  these  solutions, 
and  that  solid  iron  carbonyl  is  only  sparingly  soluble  in  nickel  carbonyL 
The  absence  of  any  change  is  not  to  be  accounted  for  by  the  absorption  of  t^e 
active  light  by  the  nickel  carbonyl,  since  the  iron  carbonyl  has  been  shown 
above  to  be  sensitive  to  light  in  the  visible  part  of  the  spectrum  which  is  not 
absorbed  by  nickel  carbonyl.  This  fact  was  furrier  confirmed  by  exposing 
a  small  tube  full  of  iron  carbonyl  immersed  in  liquid  nickel  carbonyl  to  light, 
when  decomposition  was  found  to  take  place  rapidly. 

The  following  may  be  suggested  as  a  simple  hypothesis  to  account  for  the 
unique  behaviour  of  nickel  carbonyl  as  a  solvent  of  iron  carbonyl : — 

The  initial  action  of  light  on  iron  carbonyl  might  be  represented  by  the 
equation 

re(C0),=  reCC0)4  +  C0, 

the  hypothetical  iron  tetracarbonyl  produced  may  be  assumed  to  combine 
at  once  with  a  molecule  of  iron  pentacarbonyl  to  produce  the  solid  nona- 
carbonyl,  thus : — 

Fe  (C0)4+ Fe  (C0)5  =  Fe»  {GOV 

If  this  molecular  mechanism  of  the  light  reaction  be  admitted,  then  there  is 
no  reason  why  iron  pentacarbonyl  may  not  form  an  anali^us  body  of  feeble 
stability  by  combining  directly  with  nickel  tetracarbonyl,  thus : — 
Fe(CO),+Ni(CO)*  =  FeNi(COV 

A  compound  of  this  kind,  though  unstable  iu  itself  (since  the  vapour  above 
she  BolntioDS  contains  iron  carbonyl  and  the  ooncentnited  solutions  deposit 
some  solid),  may  yet  be  unacted  upon  by  Ugbt  The  existence  of  this 
compound  is  rendei'ed  probable  by  the  fact  Uiat  solutions  of  iron  carbonyl  in 
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nickel  carbonjl  have  such  a  pale  colour  compared  to  Bolutlona  of  the  some 
concentratioD  in  other  solvents. 

The  observations  on  the  action  of  light  on  iron  carbonyl  under  different 
preBfiorea  of  carbon  monoxide,  at  different  temperatores  and  in  solution  in 
various  solvents,  will  be  contdnned  as  soon  as  the  neceaaaiy  sunlight  is 
available. 


I%e  ElectriocU  Condvctivity  of  Dilute  Solutions  of  Sulphuric 

Acid. 

By  W.  C.  D.  Whktham,  M^,  F.RS. 

(Beceived  November  8, — Bead  Kovember  16,  1906.) 

§  1. — Introdiution  and  Suvimary  of  Results. 

If  the  measure  of  the  electrical  conductivity  of  a  solution  be  divided  by 
that  of  the  concentration  expressed  in  granune-equivalentB  per  unit  volume, 
we  obtain  a  quantity  which  may  be  called  the  equivalent  conductivity  of  the 
solution.  If  the  conductivity  of  the  solvent  used  be  subtracted  from  that  of 
the  solution,  the  corresponding  quantity  may  be  taken  as  giving  the 
equivalent  condactivity  of  the  solute. 

As  is  well  known,  the  equivalent  conductivity  ot  neutral  salts  when 
dissolved  in  water  approaches  a  limiting  value  as  the  dilution  is  increased, 
and,  in  terms  of  the  ionisation  theory,  this  limiting  value  corresponds  with 
complete  ionisation. 

With  solutions  of  acida  and  alkalies,  however,  the  phenomena  are  different 
As  dilution  proceeds,  the  equivalent  conductivity  reaches  a  maximum  at  a 
concentration  of  about  a  one-thousandth  or  a  two-thousandth  of  a  gramme- 
equivalent  per  litre,  and  then  falls  rapidly  as  the  dilution  is  poshed  farther. 

It  has  been  supposed  that  this  diminution  of  equivalent  conductivity  at 
extreme  dilutions  is  due  to  interaction  between  the  solute  and  the  impurities 
which  remain  even  in  redistilled  water. 

Eohlransch*  has  given  evidence  to  show  that  the  chief  impurity  in  water 
carefully  redistilled  is  carbonic  acid,  and  Goodwin  and  Haskellf  have 
corrected  the  observed  values  of  the  equivalent  conductivity  of  nitric  and 

*  '  WiBsensch.  Abh&ndL  d.  phfa.-tech.  BeichMUWtnlt,*  vol.  3,  p.  193  (1900). 
t  *Ph78ical  Review,'  voL  19,  p.  369  (1904). 
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hydrochloric  acids  on  the  aseumption  that "  the  total  effect  of  the  acid  and  of 
the  impiu-ities  in  the  water  on  the  conductivity  of  each  other  is  already 
produced  when  a  relatively  small  quantity  of  acid  has  been  added  to  the 
water."  These  observers  conclude  Uiat  the  diminution  of  equivalent 
condnctivity  of  dilute  acids  is  due  to  the  preeence  of  carbon  dioxide. 

In  order  to  examine  the  real  effect  of  carbonic  acid  and  other  imporitiee 
on  the  couductivity  of  an  acid  solution,  the  writer  and  hia  wife  have  carried 
out  an  investigation  in  which  the  amount  of  impurity  was  varied,  and  the 
result  observed.  The  condnctivity  of  dilute  aolutione  of  sulphuric  acid  and 
its  variation  with  concentration  was  determined  in  four  solvents :  (1)  good 
quality  redistilled  water;  (2)  the  same  water  to  which  a  trace  of  carbon 
dioxide  had  been  added ;  (3)  the  same  water  with  a  trace  of  potassium 
chloride ;  (4)  the  same  water  which  had  been  freed  as  far  as  posaible  from 
carbonic  acid  and  other  volatile  ia^urities  by  repeated  boiling  under 
diminished  pressure. 

In  each  case  the  conductivity  of  the  solvent  was  subtracted  from  that 
of  the  solution.    The  resulte  may  be  summarised  as  follows : — 

Within  the  Umtte  of  experimental  error,  the  equivalent  conductivity  of  a 
ifilute  acid  is  not  affected  by  boihng  the  water  under  diminiahed  pressure, 
though  the  conductivity  of  the  solvent  is  thereby  mach  diminished.  The 
equivalent  conductivity  of  the  acid  is  also  unaffected  by  the  addition  of  a 
small  quantity  of  potassium  chloride  to  the  water,  though  the  conductivity 
of  the  solvent  is  thereby  much  increased.  But,  by  the  addition  of  a  little 
carbonic  acid,  the  equivalent  conductivity  of  the  sulphuric  acid  is  diminished 
appreciably.  It  is  natural  to  conclude  that,  while  the  presence  of  carbonic 
add  would  produce  a  dinunution  of  equivalent  conductivity  of  the  same 
character  as  that  observed,  it  does  not  explain  the  total  effect. 

§  2. — The  Bxperimenis. 

The  solvent  uaed  Was  water  kindly  prepared  by  Mr.  T.  O.  Bedford  and 
Mr.  Vf.  Spans.  It  was  distilled  in  a  glass  still  with  potassium  permai^anate 
and  sulphuric  acid,  and  then  redistilled  in  a  platinum  still  with  baryta 
water.  It  was  collected  in  a  large  stoppered  flask  of  Jena  glass,  in  which  it 
was  kept  till  used.  Ito  conductivity  was  about  0'9  x  10~*  or  1-0  x  10~" 
in  reciprocal  ohms  per  centimetre  cube.  The  best  water  obtained  by 
Eohlrausch  by  distillation  in  air  had  a  conductivity  of  about  0*7  x  10~'  in 
these  units. 

The  sulphuric  acid  was  supplied  in  a  sealed  glass  bulb  by  Messrs.  Baird 
and  Tatlock  as  chemically  pure  acid  mixed  with  50  per  cent,  of  water.    For 
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the  pui-poses  of  this  investigatioD  absolute  valnee  of  the  equivalent  ecu- 
dnotivity  were  not  needed  to  very  great  accuracy.  The  conductivity  of 
a  stock  solution  (B),  prepared  by  diluting  by  weight  the  50-per-cent.  acid, 
was  therefore  detemiined  in  a  resistance  cell,  and  the  concentration  of  the 
solution  calcalated  from  Eohlrausch's  results.  The  conatant  of  the  cell  was 
determined  by  measuring  in  it  the  resistance  of  a  solution  of  potassium 
chloride,  prepared  by  weighing  out  a  quantity  of  the  pure  salt  dried  by 
beating  in  a  tube  in  a  current  at  dry  air.  Tbe  cell  constant  was  found  to  be 
0*1274,  a  namber  which,  divided  by  the  resistance  (rf  t^  solution  in  ohms, 
gave  its  condwAivity  in  reciprocal  ohms  per  oentimetre  cube.  Tbe  concen- 
tration of  the  Btoc^  solution  (B)  was  thns  estimated  as  0-02408  gramme- 
equivalents  per  litres  Three  other  stock  solutions  (C,  J),  and  F)  were  also 
used.  They  were  prepared  by  diluting  B  by  weight  Their  concentrations 
in  giamme-equivaleati  per  litre  were : — 

<C)  0002379,    (D)  0005212    and    (F)  0005928. 

Tbe  cell  used  for  the  resistance  measurements  consisted  of  a  tube  of  Jena 
glass  about  18  cm.  long  and  4  cm.  in  diameter.  A  rubber  cork  closed  it  so 
as  to  be  airtight^  and  carried  a  box-wood  core,  throi^h  which  passed  two 
glass  tubes  supportiug  the  electrodes,  and  another  glass  tube  for  adding 
stock  solution  and  exhausting  the  apparatus  by  means  of  an  air-pump.  Tbe 
electrodes  were  (rf  shrat  platinum  sheM,  and  were  fixed  to  thick  platinum 
wires  fused  through  tbe  glass  tubes.  The  electrodes  were  platinised  electro- 
lytically,  and  then  heated  to  redness.  This  process  gives  a  rough  surface, 
which  does  not  seem  appreciably  to  absorb  electrolytes  from  a  solution. 

About  50  granunes  of  water  were  placed  in  the  tube  cell,  which  was  then 
webbed.  The  rubber  head  was  inserted,  and  the  cell  placed  in  a  water 
bath,  the  temperature  of  which  was  kept  within  a  degree  or  less  of  18°  C. 
and  observed  accurately.  Tbe  resistance  of  the  water  was  measured,  and 
corrected  to  18°  by  the  known  temperature  coetficient.  Small  quantities 
of  stock  solution  were  then  added  successively,  by  means  of  a  small  vessel 
of  Jena  glass,  which  was  weighed  before  and  after  each  addition. 

The  reaiBtance  measurements  were  made  with  alternating  currents  by 
means  of  a  resistance  box,  moving-coil  galvanometer,  and  alternator  driven 
by  hand,  as  described  in  former  papers.*  The  accuracy  of  measurement 
varied  as  the  resistance  altered,  but  was  seldom  less  than  one  in  a  thousand. 


*  '  Phil.  Truit.,'  A,  voL  2&9,  ^  331  (1900). 
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First  Series.    Solvent — Water  aa  redietilled. 
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Second  Series.     Solvent — ^Water  with  Trace  of  Carbooic  Acid  added. 

Original  water BetiituuM      >  129700  ohmi  at  IB*. 
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Dtiid  Series.    Solvent — Water  with  Trace  of  Fotassinm  Chloride  added. 
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Fourth  Series.    Solvent — Water  boiled  under  low  pressure. 
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§  3. —  CotKtusions. 

It  will  be  noticed  that  the  curve  for  solutions  of  sulphuric  acid  in  water 

containing  a  trace  of  potassium  chloride  is  hardly  appreciably  different  from 
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that  foi  water  alone,  while  the  additioa  of  a  little  caibon  dioxide  to  the 
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Bolyent  results  in  a  curve  which  is  markedly  different  from  the  water  curve. 
It  must  be  remembered,  however,  that,  although  the  conductivity  fA  the 
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solvent  was  increased  to  aboat  the  same  extent  by  adding  potassium  cloride 
and  carbon  dioxide,  the  latter  is  very  slightly  ionised,  so  that  a  much  greater 
equivalent  amount  of  carbonic  acid  than  of  potassium  chloride  was  present. 

The  addition  of  an  impurity,  which  is  certainly  present  to  some  extent  in 
redistilled  water,  is  thus  seen  to  increase  the  effect  we  are  investigating.  The 
diminution  of  equivalent  conductivity  is  more  marked,  and  the  maximum 
of  the  curve  is  reached  at  a  higher  concentration.  At  this  stage  of  the 
work  it  seemed  possible  that  the  whole  effect  might  be  explicable  by  the 
interaction  of  the  acid  with  the  impurities  of  the  solvent. 

The  next  step  was  to  remove  as  much  as  possible  of  the  residual  carbon 
dioxide  from  a  sample  of  the  purest  water  obtainable.  The  water  was  placed 
in  the  tube-cell,  and  the  air  above  it  exhausted  as  completely  as  possible,  the 
water  boiling  freely  under  the  low  pressure.  Air  was  then  re-admitted  through 
tubes  filled  with  small  lumps  of  caustic  potash  to  absorb  the  carbon  dioxide. 
This  operation  of  exhaustion  was  repeated  five  times.  The  conductivity  was 
reduced  by  this  means  from  0-98  x  10~*  to  0-57  x  10~".  The  usual  additions 
of  sulphuric  acid  were  then  mada  The  resulting  curve,  shown  in  the 
diagram  \(j  spots  and  crosses  in  triangular  frames,  is  not  appreciably  different 
from  that  obtained  with  the  usual  water  as  solvent 

This  result  seems  conclusive  against  the  supposition  that  the  abnormally 
low  equivalent  conductivity  of  very  dilute  solutions  of  acids  is  wholly  due  to 
the  presence  of  carbon  dioxide  as  an  impurity  in  the  water  used  as  solvent. 
The  effect  of  saline  impurities,  too,  of  the  type  of  potassium  chloride,  seems 
incapable  of  explaining  the  phenomenon. 

At  the  first  opportunity  further  experiments  will  be  undertaken  to 
investigate  the  influence  of  possible  slight  traces  of  ammonia,  and,  if  this 
proves  insufficient  to  explain  the  phenomenon,  to  examine  the  question 
from  other  poiote  of  view. 
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under  Cultural  Conditions."  By  E,  S.  Salmon.  Communi- 
cated by  Professor  H.  Marshall  Ward,  F.R.S. 

VII.  "  Ovulation  and  Degeneration  of  Ova  in  the  Rabbit."  By 
Walter  Heape.     Communicated  by  A.  Sedgwick,  F.lCtS. 


Apnl  13,  190.'5. 
Sir  WILLIAM  HUGGINS,  K.C.B.,  O.M.,  President,  in  the  Chair. 

Professor  J.  W.   Gregory   (elected   1901)  was  admitted  into  the 
Society. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 
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The  followiDg  Papers  were  read : — 

I.  "  On  a  New  Type  of  Electric  Furnace,  with  a  Ke-detennination 
of  the  Melting-point  of  Platinum."  By  Dr.  J.  A.  Harker. 
Commiuiicated  by  Dr.  E.  T.  Glazebrook,  F.R.S. 

II.  "  On  Colour  Vision  by  Very  Weak  Light."  By  Dr.  G.  J.  Blrch, 
F.E.S. 

III.  "  The  Improved  Electric  Micrometer."     By  Dr.  P.  E.  Shaw. 

Commuoicated  by  Professor  J.  H.  Poynting,  F.H.S. 

IV.  "  The  Amplitude  of  the  Minimum  Audible  Impulsive  Sound." 

By  Dr.  P.  E.  Shaw.     Communicated  by  Professor  J.  H. 
POYMTING,  F.RS. 

V.  "  The  Kefractive  Indices  of  Sulphuric  Acid."  By  Dr.  V.  H. 
Veley,  F.R.S.,  and  J.  J.  Mauley. 

VI.  "  On  the  Intensity  and  Direction  of  the  Force  of  Gravity  in 
India."    By  Lieut. -Colonel  S.  G.  Burrahd,  F.E.S. 

VII.  "  A  Quantitative  Study  of  Carbon  Dioxide  Aadmiladon  and 
Leaf-temperature  in  Natural  Illumination."  By  F.  F. 
Blackhan  and  Miss  G.  Matthaei.  Communicated  by 
Frakcis  Dabwin,  For.  Sec.  RS. 


The   Society    adjourned    over    the    Easter    Becess  to  Thursday, 
May  11. 
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May  11, 1905. 

Annual  Meeting  for  the  Election  of  Fellows, 

Sir  WILLIAM  HUGGINS,  K.C,B.,  O.M.,  Preddent,  in  the  Chair. 

The  Statutes  relating  to  the  Eleciaon  of  Fellows  having  heen  read, 
FrofesBor  Gray  and  R'ofessor  Farmer  were,  with  the  conaent  of  the 
Society,  nominated  Scrutators,  to  assist  the  Secretaries  in  the  examina- 
tion of  the  balloting  lists. 

The  votes  of  the  Fellows  present  were  collected,  and  the  following 
Candidates  were  declared  duly  elected  into  the  Society : — 
Adami,  John  George. 
Bone,  WUliam  Arthur. 
Campbell,  John  Edward. 


Dines,  WOliam  Henry. 

Field,  Arthur  Moatyn,  Capt.  E.N. 

Forster,  Martin  Onslow. 

Goodrich,  Edwin  S. 

Hopkins,  Frederick  Gowland. 


Lamplugh,  George  William. 
Macbride,  Ernest  William. 
Oliver,  Francis  Wall. 
Prain,  David,  Lieut.-Col.  I.M.S. 
Searie,  George  F.  0. 
Stnitt,  Hon.  Bobert  John. 
Whittaker,  Edmund  Taylor. 


Thanks  were  given  to  the  Scrutators. 


May  11, 1905. 

Sir  WILLIAM  HUGGINS,  K.C.B.,  O.M.,  President,  in  the  Chair. 

Captain  F.  W.  Hutton  (elected  1892)  was  admitted  into  the 
Society. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

Professor  Ludimar  Hermann,  Professor  Henrik  Anton  Lorentz, 
Professor  Henri  Moiesan,  and  Professor  Hugo  de  Vries,  were  elected 
Foreign  Members  of  the  Society. 

The  following  Papers  were  read : — 

I.  "  On  the  Resemblances  existing  between  the  'Plimmer's  Bodies' 
of  Malignant  Growths,  and  certain  Normal  Constituents  of 
Beproductive  Cells  of  Animals."  By  Professor  J.  B.  Farmer, 
F.RS.,  J.  E.  S.  MooKE,  and  C.  E.  Walkbr. 

II.  "The  Effect  of  Plant  Growth  and  of  Manures  upon  the  Soil: 
the  Beiitention  of  Bases  by  the  Soil"  By  A.  D.  Hall  and 
Dr.  N.  H,  J.  Miller.  Communicated  by  Professor 
^.  K  Arwstrono,  F.B.S, 
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III.  "  A  Study  of  the  Process  of  Nitrification  with  reference  to  the 
Purification  of  Sewage."  By  Miss  H.  Chick.  Communicated 
by  Professor  H.  Marshall  Ward,  F.R.S. 

IT.  "  Pathological  Report  on  the  Histology  of  Sleeping  Sickness  and 
Trypanosomiasis;  with  a  Comparison  of  the  Changes  found 
in  Animals  infected  with  T.  gambieiue  and  other  IVypanoso- 
mata."  By  Dr.  A.  BuEiHL.  Conununicated  by  Professor 
R.  BoYCK,  F.R.S. 

V.  "The  Experimental  Treatment  of  Trypanosomiasis  in  Animals." 
By  Dr.  H.  Wolfkrstan  Thomas.  Communicated  by  Pro- 
fessor R.  BoYCE,  F.R.S. 

VI.  "Remarks  on  Mr.  Plimmer'a  Note  on  the  Effects  produced  in 
Bats  by  the  Trypanosomata  of  Gambian  Ferer  and  Sleeping 
SicknesB."  By  Dr.  H.  Wolferstan  Thomas.  Communicated 
by  Professor  R.  BOYCE,  F.RS. 

Til.  "  On  the  Cytology  of  Apogamy  and  Apospory.  II. — Pre- 
liminary Note  on  Apospory."  By  Miss  L.  DtoBY.  Com- 
municated by  Professor  Farmer,  F.R.S. 


May  18,  1905. 

Sir  WILLIAM  HUGGINS,  K.C.B.,  O.M.,  President,  in  the  Chair. 

Mr.  John  Edward  Campbell,  Capt.  Arthur  Mostyn  Field,  Dr. 
Martin  Onslow  Foreter,  Mr.  George  F.  C  Searle,  and  the  Hon. 
Robert  John  Stnitt,  were  admitted  into  the  Society. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read : — 

I.  "On  Lesage's  Theory  of  Gravitation  and  the  Repulsion  of 
Light."    By  Professor  G.  H.  Darwin,  F.R.S. 

II.  "  The  Atomic  Weight  of  Chlorine :  an  Attempt  to  Determine 
the  Equivalent  of  Chlorine  by  Direct  Burning  with 
Hydrogen."  By  Professor  H.  B.  Dixon,  F.R.S.,  and 
E.  C.  Edgar. 

III.  "  The  Flow  of  the  River  Thames  in  Relation  to  British  Pressure 

and  RainfaU."    By  Sir  Norman  Lockyer,  K.CB.,  F.R.S., 
and  Dr.  W.  J.  S.  Logkyer. 

IV,  "Thorianite,  a  New   Mineral  from  Ceylon."      By   Professor 

W.  R,  DuN^TAN,  r.R.S.,  and  G.  S.  Blake, 
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V.  "A  Modified  Apparatus  for  the  Measurement  of  Colour,  an 
ite  Application  to  the  Determination  of  the  Colour  Senia- 
tions."    By  Sir  William  Abney,  K.C.B.,  F.R.S. 

VI.  "Further  ObBorvationa  on  the  Germination  of  the  Seed  of 
the  Castor  Oil  Plant  (Rmnus  comrmmis)."  By  Professor 
J.  Reynolds  Gbebn,  F,R.S,,  and  H,  Jackbon. 

VII.  "  On  the  Efferent  Relationship  of  the  Optic  ThaUmus  and 
Deiter's  Nucleus  to  the  Spinal  Cord,  with  Special  Reference 
to  the  Cerebellar  Influx  Theory  (Hughlings  Jackson)  and 
the  Genesis  of  Decerebrate  Rigidity  (Sherrington)."  By 
Dr.  F.  H.  TtaKLB.  Communicated  by  Sir  Victor  Horslky, 
F.R.S. 

VIII.  "On  Reciprocal  Innervation  of  Antagonistic  Muscles.  Eighth 
Note."    By  Professor  C.  S.  Shbreinqton,  F.R.S. 

IX.  "The  Structure  and  Function  of  Nerve  Fibres.  Preliminary 
Communication  and  Addendum."  By  Professor  G.  S.  Mac- 
DONALD.  Communicated  by  Professor  C.  S.  Shersinqton, 
F.R.S. 

X.  "  On  the  Occurrence  of  AnopheUs  {Myzomyia)  LaUmi  in 
Calcutta."  By  Major  A.  AlcoCe,  C.I.K,  F.R.S.,  and  Major 
J.  R.  Adie. 

XI.  "  On  the  Chemical  Mechanism  of  Gastric  Secretion."  By 
Dr.  J.  S.  Edeins.  Communicated  by  Professor  C.  S.  Shzh- 
RINGTON,  P.R.S. 

XII.  "  Contributions  to  the  Physiology  of  Mammalian  Reproduction. 
Part  I.— The  (Estrous  Cycle  in  the  Dog.  Part  II.— The 
Ovary  as  an  Organ  of  Internal  Secretion."  By  F.  H.  A.  Mab- 
bhall  and  W,  A.  Jolly.  Communicated  by  Professor 
E.  A.  SohAfzb,  F.R.S. 


May  26, 1905. 

Sir  WILLIAM  HUGGINS,  K.C.B.,  O.M.,  President,  in  the  Chair. 

Dr.  William  Arthur  Bone,  Mr.  William  Henry  Dinea,  Dr.  Frederick. 
Gowland  Hopkins,  and  Professor  Ernest  William  Maofiride,  were 
admitted  into  the  Society. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  Croonian  Lecture,  "On  the  Globulins,"  was  delivered  by 
Mr.  W.  B.  Hardy,  F.K.S. 
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June  B,  1905. 

Sir  WILLUM  HUGGINS,  K.C.B.,  O.M.,  President,  in  the  Chair. 

Mr.  E.  S,  Goodrich  and  Mr.  E.  T.  WMttaker  were  admitted  into  the 
Society. 

A  List  of  the  PreBenta  received  was  laid  on  the  table,  and  thanka 
ordered  for  them. 

The  following  Papers  were  read : — 

I.  "Besearches  on  Explosives.  Part  III."  By  Sir  Andrew 
NOBLK,  Bart.,  K.C.B.,  F.R.S. 

II.  "On  the  Thermo-Electric  Junction  as  a  Means  of  Determining 
the  Lowest  Temperatures."    By  Sir  Jahes  Dewar,  F.R.8. 

IIL  "Studies  with  the  Liquid  Hydrogen  and  Air  Calorimeters." 

By  Sir  Jahes  Dewar,  F.R.S. 
IV.  "  Colours  in  Metal  Glasses,  and  in  Metallic  Films  and  Metallic 

Solution."    By  J.  C.  Maxwell  6arnett.     Communicated 

by  Professor  J.  Larmor,  Seo.  RS. 

V.  "  On  the  Application  of  Statistical  Mechanics  to  the  General 
Dynamics  of  Matter  and  Ether.  The  General  Method  of 
Statistical  Mechanics."  By  J.  H.  Jeans.  Communicated 
by  Professor  J.  Larmor,  Sec.  RS. 

VI.  "  On  the  Magnetic  Qualities  of  some  Alloys  not  containing 
Iron."  By  Professor  J.  A.  Flbhinq,  F.RS.,  and 
B.  A.  Hadfibld. 

VII.  "  On  t^e  Phosphorescent  Spectra  of  Sfi  and  Europium."  By 
Sir  WlLLLAM  Crookes,  F.E.S. 

VIII.  "  On  the  Perturbations  of  the  Bielid  Meteors."  By  Dr. 
A.  M.  W.  Downing,  F.RS. 

IX.  "  The  Asymptotic  Expansion  of  Integral  Functions  defined  by 
Taylor's  Series."  By  Bev.  E.  W.  Barnes.  Communicated 
by  Professor  A.  B.  Forsyth,  F.RS. 

X.  "  Preliminary  Note  on  Observations  made  with  a  Horizontal 
Pendulum  in  the  Antarctic  Begions."  By  Professor 
J.  Milne,  F.RS. 

XI.  "Note    supplementary    to    a    Paper   'On   the  Badio-Active 

Minerals.' "    By  Hon.  R  J.  Strutt,  FJi.S. 

XII.  "The   Morphology  of  the   Ungulate  Placenta,   particularly 

the  Development  of  that  Organ  in  the  Sheep,  and  Notes 
upon  the  Placenta  of  the  Elephant  and  Hyraz."  By 
R  ASSUETON.     Communicated  by  A.  SEDGWICK,  F.RS. 
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XIII.  "A    PreUnuQary    Communication    on    the    Life-History    of 

Tiypanosoma  batbianU."  By  W.  S.  Pbrrin.  Communicated 
by  A.  SSDOWiOK,  F.R.S. 

XIV.  "  On  the  Effect  of  Carbon  Dioxide  on  Geotropic  Currature  of 

the  Roots  of  Pisum  Saiimuit  L."  By  E.  DRABBLE  and  Miss 
H.  Lake.  Communicated  by  Professor  J.  B.  Farmer, 
F.R.S. 

XV.  "  The  Pharmacology  of  Indaconitine  and  Bikhaconitine."  By 
Professor  J.  T.  Cash,  F-R-S.,  and  Professor  W.  R.  DuN- 
STAN,  F.R.S. 

XVI,  "  Preliminary  Note  on  the  Occurrence  of  Microsporangia  in 
Organic  Connection  with  the  Foliage  of  Lyginodendroii." 
By  R.  KiDSTON,  F.R.S. 

XVII.  "  Chitin  in  the  Carapace  of  Plerygolus  Osiliensis  from  the 
Silurian  of  Oesel."'  By  Dr.  Otto  Kosenheim,  Com- 
municated by  Professor  W.  D.  Halijburton,  F.B.S. 

XVIII.  "The  Synthesis  of  a  Substance  allied  to  Adrenalin."  By 
H.  D.  Dakin.  Communicated  by  Professor  E.  H.  Staruno, 
F.R.S. 

XIX.  "  On  the  Physiological  Activity  of  Substances  indirectly  allied 
to  Adrenalin."  By  II.  D.  Dakin.  Communicated  by 
Professor  K  H.  Starling,  F.E.S. 

XX.  "  On  the  Refractive  Index  of  Qaseous  Fluorine."  By 
C.  CuTHBERTSON  and  E.  B.  R.  Prideaux.  Communicated 
by  Sir  W.  Ramsay,  K.C.B.,  F.B.S. 

XXI.  "  The  Evolution  of  the  Spectrum  of  a  Star  during  its  Growth 
from  a  Nebuhi."    By  Dr.  W.  E.  WiLSON,  F.R.S. 

XXII.  "  Records  of  Difference  of  Temperature  between  the  McGill 
College  Observatory  and  the  Top  of  Mount  Royal, 
MontreaL"  By  Professor  C.  McLeod.  Communicated  by 
Professor  Callendar,  F.RS. 

XXIII.  "The  Elastic  Properties  of   Steel  at  High  Temperatures." 

By  Professor  B.  Bopkinson  and  F.  Rogers.  Com- 
municated by  Professor  EwiNO,  F.RS. 

XXIV.  "  On  a  New  Species  of  Cephalodiscua  from  the   Antarctic 

Ocean."    By  Professor  E.  Ray  Lankester,  F.RS. 

The   Society  adjourned    over   the  Long  Vacation    to    Thursday, 
November  16. 
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MINUTES  or  MEETINGS.— SESSION  190R-fi. 

Novmiber  16, 1905. 

Sir  WILLIAM  HUGGINS,  K-C-B.,  CM.,  President,  followed  by 
Professor  CAREY  FOSTEB,  in  the  Chur. 

Mr.  George  W.  Lamplugh,  Professor  Francis  W.  Oliver,  and 
Lieutenant- Colonel  David  Prain  were  adniitted  into  the  Society. 

A  Liat  of  the  Presente  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

In  pitTHuance  of  the  Statutes,  notice  of  the  ensuing  Anniversary 
Meeting  was  given  from  the  Chair. 

Dr.  Horace  Brown,  Captain  E.  W.  Creak,  and  ProfeBsor  O.  M. 
Minohin  were  elected  Auditors  of  the  Treasurer's  accounts  on  the  part 
of  the  Society. 

The  following  Papers,  received  during  the  Recess  and  published  or 
in  course  of  publication,  in  accordance  with  the  Standing  Orders  of 
Council,  were  read  in  title : — 

"  The  Absorption  Spectrum  and  Fluorescence  of  Mercury  Vapour." 
By  Professor  W.  N.  HARTLEY,  F.R.S. 

"  On  the  Origin  and  Life-History  of  the  Interstitial  Cells  of  the  Ovary 
in  the  Babbit."  By  Miss  J.  E.  Lane-Claypon.  Communicated 
by  Professor  E.  H.  Stabunq,  F.K.S. 

"  The  Formation  of  Ice  and  the  Grained  Structure  of  Glaciers."  By 
Professor  G.  Quincke,  For.  Mem.  RS. 

"  Preliminary  Beport  on  a  Survey  of  Magnetic  Declination  near  the 
Eoyal  Alfred  Observatory,  Mauritius."  By  T.  F.  Claxton. 
Communicated  by  Dr.  C.  Chrss,  F.B.S. 

"  Tranamission  and  Inoculability  of  SpiriUim  Theilm  (Laveran)."  By 
Dr.  A.  TheILER.    Communicated  by  Colonel  Brucb,  C.B.,  F.RS. 

"Note  on  the  Mecbanism  of  the  Ascent  of  Sap  in  Trees."  By 
Professor  J.  Laruor,  Sec.  B.S. 

"  On  the  Influence  of  Collisions  and  of  the  Motion  of  Molecules  in  the 
Line  of  Sight  upon  the  Constitution  of  a  Spectrum  Line."  By 
Lord  Eaylkioh,  O.M.,  F.E.8. 

"  An  Experimental  Enquiry  into  the  Nature  of  the  Substance  in  Serum 
which  influences  Phagocytosis."  By  Dr.  Q.  Dean.  Communicated 
by  Professor  J.  R.  Bradford,  F.R.S. 
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"  An  Experiment  with  the  Balance  to  find  if  Change  of  Temperatore 
has  any  Effect  upon  Weight"  By  Profeasor  J.  H.  Poyntino, 
P.R.S.,  and  P.  Phillips. 

"The  PhagocytoBis  of  E«d  Blood-Cells."  By  Dr.  J.  0.  Wakelin 
Barkatt.    Communicated  by  Sir  V.  Horslbt,  P.K..S. 

"  A  Now  Fonnation  of  Diamond."    By  Sir  W.  Crookbs,  P.R.S. 

"  The  Influence  of  Phase  Changes  on  the  Tenacity  of  Ductile  Metals 
at  the  Ordinary  Temperature  and  the  Boiling  Point  of  Liquid  Air." 
By  G.  T.  Beilby  and  H.  N,  Bkilby.  Communicated  by  Professor 
J.  Lashor,  Sec.  R.S. 

"  On  the  Probable  Existence  of  Emulsin  in  YeaaL"  By  Dr.  T.  A. 
Henry  and  Dr.  S.  J.  M.  Auld.  Communicated  by  Profeasor 
W.  E.  DUNSTAN,  F.R.S. 

"  A  Preliminary  Note  on  the  SusceptibiUty  of  Goate  to  Malta  Fever." 
By  Dr.  T.  Zammt.   Communicated  by  Colonel  Bruob,  C.B.,  F.B.S. 

"Preliminary  Note  on  Goats  as  a  Means  of  Propagation  of  Mediter- 
ranean Fever."  By  Major  W.  H.  HoeROCKb.  Communicated  by 
Colonel  Bruce,  C.R,  F.B.S. 

"  Studies  on  Enzyme  Action.  VII. — The  Synthetic  Action  of  Acids 
contrasted  with  that  of  Enzymes.  Synthesis  of  Maltose  and  Iso- 
maltoae.  VIII. — The  Mechanism  of  Fermentation."  By  Dr.  E.  F. 
Armstrong.  Communicated  by  Professor  H.  E.  Armstrong, 
F.B.S. 

"Studies  on  Enzyme  Action. — Lipase."  By  Professor  H.  E.  Arm- 
strong, F.R.S. 

"  Inheritance  of  Heteroatyliam  in  Pritmila"  By  W.  Batbson,  F.B.S., 
and  R.  P.  Grboory. 

"  Fertility  in  Scottish  Sheep."  By  Dr.  F.  H.  A.  Marshall.  Com- 
municated by  Professor  Schapbr,  F.E.S. 

"  On  the  Spectrum  of  the  Spontaneous  Luminous  Radiation  of  Radium. 
Part  III.— Radiation  in  Hydrogen."  By  Sir  W.  Hugoins,  K.C.R, 
Pres.  B.S.,  and  Lady  Huggins. 

"  Researches  on  Exploaivea. — Part  III.  Supplementary  Note."  By 
Sir  Andrew  Noble,  Bart.,  F.RS. 

"  Report  on  the  Anatomy  of  the  Taetse  Fly  {Glossina  palpalis)."  By 
Professor  E.  A.  MiNGHlN.  Communicated  by  Professor  Rat 
Lanebster,  F.R.S. 

"On  the  Isolation  of  the  Infecting  Organism  (Zoochlorella)  of 
CtmwMa  SoscoffmsU."  By  F.  Kekble  and  F.  W.  Gamble.  Com- 
municated by  Professor  S.  J.  Hickson,  F.RS. 
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The  following  Papers  were  read : — 

I.  "The  Physical  anil  Chemioal  Propertdes  of  Iron  Carbonyl."    By 
Sir  Jasbs  Dewas,  F.B.S.,  and  H.  0.  Jones. 
n.  "  The  Transit  of  Ions  in  the  Electric  Arc."    By  A.  A.  Campbell 
SwiNTON.    Communicated  by  the  Hon.  C.   A.   Parsons, 
C.B.,  F.RS. 

III.  "First  Photographs  of   the  Canals  of   Mars."     By  Professor 

Percival    Lowelu      Communicated  by  Sir  J,  Norkan 
LocKYER,  K.C.B.,  F.RS. 

IV.  "On  the  Laws  of   Radiation."     By  Profesaot  J.   H.  Jeans. 

Communicated  by  Professor  J.  Larhor,  Sec  B.S. 
V.  "The   Pressure  of    Explosions.      Experiments  on   Solid    and 
Gaseous  Explosives."    By  J.  E.  I^ATEL.     Commonioated 
by  Professor  A.  SCHTTSTBB,  F.R.S. 
VI  "  The  Accurate  Measurement  of  Ionic  Velocities."   By  Dr.  R.  B. 
Denison  and  Dr.  B.  D.  Steele.    Conmiunicated  by  Sir 
WuuAM  Ramsay,  K.C.B.,  F.RS. 
VIL  "On  Newton's   Rings  formed   by  Metallic    Reflection."     By 
Professor  R  C.  Maclaubin.     Communicated  by  Professor 
J.  Larhor,  Sec  RS. 
Vin.  "  The  Electrical  Conductivity  of  Dilute  Solutions  of  Sulphuric 
Acid."    By  W.  C.  D.  Whetham,  F.RS. 


NiywniUr  23,  1905. 
Sir  W.  D.  NIVEN,  Vice-Preeident,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

In  pursuance  of  the  Statutes,  notice  of  the  ensuing  Anniversary 
Meeting  was  given  from  the  Chair,  and  the  list  of  the  Officers  and 
Council  for  the  ensuing  year  proposed  by  the  Council  for  election  was 
read  as  follows : — 

i'TOtrfenf.— The  Lord  Rayleigh,  O.M.,  M.A.,  D.C.L. 

Treamrer, — Alfred  Bray  Kempe,  M.A. 

o^.    .         f  Professor  Joseph  Lannor,  D,Sc.,  D.C.L.,  LL.D. 

'*"''*"^~'lSir  Archibald  Geikio,  D.C.L.,  Sc.D.,  LL.D. 

Foreign,  Setrelary. — Francis  Darwin,  M.A.,  M.R 

Other  Members  of  Ike  CimiKt/.— Shelf ord  Bidwell,  ScD.;  Sir 
T.  Lauder  Brunton,  M.D. ;  Professor  J.  Norman  Collie,  Ph.D. ;  Pro- 
fessor Wyndham  R  Dunstan,  M.A. ;  Professor  John  Bretland  Farmer, 
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U.A. ;  Profeuor  Frsncia  Ootch,  D.Sc. ;  Sidney  Frederic  Hanner, 
ScD.;  Sir  William  Huggina,  K.C.R,  O.M.  i  Profeagor  Edwin  Ray 
LuikMnr,  M.A.;  John  Edward  Marr,  ScD.;  Oeoi^  Ballard 
Mathews,  M.A. ;  Hugh  Frank  Newali,  M.A. ;  Sir  William  Davidson 
Niven,  K.C.R;  Protessor  John  Perry,  D.Sc.;  Profeaaor  Erneat 
Henry  S(&rUng,  M.D. ;  Professor  William  Augustus  Tildeo^  D.Sc. 

The  following  Papers  were  read : — 

I.  "  On  the  Nature  of  the  Oalvanotropic  Irritability  of  Roots." 
By  Dr.  A-  J.  Ewart  and  Miss  Batliss.  Communicated  by 
Francis  Darwin,  For.  Sec.  K.S. 
n.  "Some  Observations  od  H^elwiiscJaa  miraHlis,  Hooker-f."  By 
-Professor  H.  H.  W.  Pearson.  Communicated  by 
A.  C.  Sewasd,  F.RS. 

III.  "  On  the  Effects  of  Alkalies  and  Acids,  and  of  Alkaline  imd 

Acid  Salts,  upon  Growth  and  Cell  Division  in  the  Fertilised 
E{^  of  EdmitK  etcvUntus.  A  Study  in  Relationship  to  the 
Causation  of  Malignant  Disease."  By  Professor  R  MoORE, 
Dr.  H.  E.  ROAF,  and  R  Whitlxy.  Communicated  by 
Professor  W.  A.  Herdhan,  F.R.S. 

IV.  "  A  Note  on  the  Effect  of  Acid,  Alkali,  and  certain  Indicators 

in  Arresting  or  otherwise  Influencing  the  Development  of  the 
Eggs  of  PUurim^de*  plategsa  and  EdUnw  etcttUnius."  By 
E.  Whitley.  Communicated  by  Professor  W.  A.  Herdman, 
F.RS. 
V.  "  On  Certain  Physical  and  Chemical  Properties  of  Solutions  of 
Chloroform  and  other  Anieatbetics.  A  Contribution  to  the 
Chemistry  of  Anieathfisia.  (Second  Communication.)''  By 
Professor  R  MooRE  and  Dr.  H.  E.  Roaf.  Communicated  by 
Professor  Sherrington,  F.R.S. 
VL  "  On  the  Possibility  of  Determining  the  Presence  or  Absence  of 
Tubercular  Infection  by  the  Examination  of  a  Patient's 
Blood  or  Tissue  Fluids."  By  Dr.  A  E.  Wriqht  and  Staff- 
Surgeon  S.  T.  Rbid,  R.K.  Communicated  by  Sir  J.  Burdon 
Sanderson,  Bart.,  F.R.S. 
Tn.  "  On  Spontaneous  Phagocytosis  and  on  the  Phagocytosis  which 
is  obtained  witJi  the  Heated  Serum  of  Patients  who  have 
responded  to  Tubercular  Infection,  or,  as  the  case  may  be, 
to  the  Inoculation  of  a  Tubercle  Vaccine."  By  Dr.  A.  K. 
Wright  and  Staff-Surgeon  S.  T.  Rbid,  R.N.  Communicated 
by  Sir  J.  BuRDON  Sanderson,  Bart.,  F.RS. 
VHI.  "  On  the  Occurrence  of  Heterotypical  Mitoses  in  Cancer,"  By 
Dr.  K  F.  Bashford  and  J.  A,  Murray.  Communicated  by 
Professor  J.  Rose  Bradford,  F.RS. 
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